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FOREWORD 


During  April  12-14,  1966  a  Fallout  Phenomena  Symposium,  co¬ 
sponsored  by  tlio  Office  of  Civil  Defense  and  the  Defense  Atomic  Support 
Agency,  and  developed  by  the  Technical  Management  Office  of  the  U.S, 

Naval  Radiological  Defense  Laboratory,  was  held  at  the  Naval  Postgraduate 
School.  During  the  first  two  days  twenty-three  papers  were  presented  in 
four  sessions  covering  the  main  aspects  of  the  subject  field.  On  the 
third  day,  four  Working  Groups  each  composed  of  the  speakers  in  the 
session  and  representatives  of  the  sponsoring  agencies  under  the  guidance 
of  the  session  chairman,  convened  to  consider  the  current  status  and 
future  requirements  of  the  particle  formation,  cloud  development  and 
particle  circulation,  transport  and  deposition,  and  radiation  fields 
subject  areas.  The  conclusions  of  the  Working  Groups  were  summarized 
in  brief  reports . 

These  proceedings  are  published  as  a  record  of  the  papers  presented 
and  the  Working  Group  reports,  for  the  benefit  of  those  who  attended  the 
Symposium,  and  for  other  interested  scientists.  Because  of  the  nature  of 
the  material  covered,  some  of  the  papers  were  classified.  These  papers 
will  be  published  in  a  separate  classified  document  under  the  same  title 
(Part  II).  Dr.  I,  J.  Russell’s  paper  entitled  "Fallout  Models  and  Their 
Parametric  Inputs"  is  not  included  in  either  of  these  volumes  ,  but  will 
be  published  separately  at  a  later  date. 


S.  Z.  Mikhail 
Editor 
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PREFACE 

By  aKroomcnt  between  the  Department  of  the  Navy  and  the  Office  of 
Civil  Defense,  the  U.S,  Naval  RadloloRlcal  Defense  Laboratory  provides 
technical  advisory  services  for  specific  areas  of  the  OCD  research  pro¬ 
gram.  In  addition  to  recommending  annual  research  programs,  monitoring 
and  reviewing  research  progress,  and  evaluating  research  proposals,  such 
lochnlcal  advisory  services  include  efforts  to  promote  the  exchange  and 
examination  of  pertinent  Information  and  consequently,  includes  develop¬ 
ment  of  appropriate  scientific  symposia.  It  is  in  this  capacity  that  the 
USNRDL  assisted  in  the  planning  and  development  of  the  OCD/DASA  Fallout 
Phenomena  Symposium. 
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INTRODUCTION 


TECHNICAL  ARRANGEMENTS 


P.  E.  Zlgman 

U.  S.  Naval  Radiological  Defense  Laboratory 
San  Francisco,  California 

On  behalf  of  the  Naval  Radiological  Defense  Laboratory  I  would  like 
to  welcome  you  to  this  symposium  dealing  with  nuclear  fallout.  NRDL's 
Commanding  Officer,  Captain  Campboll,  and  our  Scientific  Director,  Dr. 
Cooper,  have  requested  that  I  convey  their  pleasure  and  appreciation  for 
your  willingness  to  attend  and  participate. 

In  the  time  available  to  me  I  would  like  to  comment  on  three  items. 
The  first  is  directed  to  the  objectives  of  this  conference  and  how  these 
con  be  met.  The  second  is  the  planned  conduct  of  the  meeting.  Finally, 
our  Intentions  regarding  publication  of  the  record. 

The  conference  will  be  concerned  with  three  obviously  inter-related 
aspects  of  fallout  --  its  formation,  its  transport  and  deposition,  and 
its  emission  of  ionizing  radiation.  A  significant  fraction  of  the  U.S. 
scientists  knowledgeable  in  these  particular  fields  is  present.  You  may 
be  interested  in  learning  that  the  over  120  attendees  present  represent 
35  organizations  Involved  in  fallout  and  related  research. 

It  is  earnestly  hoped  that  all  of  you  will  contribute  to  the  con¬ 
ference  objectives  which  have  been  described  as 

1.  General  examination  of  each  subject  area 

2.  Review,  and  through  exchange  of  current  information,  definition 
of  the  present  state  of  knowledge  in  each  area 

3.  Development  of  information  to  specify  necessary  and  desirable 
future  research 

The  last,  in  one  sense,  is  the  objective.  It  is  the  desired  end  product 
of  providing  to  the  Office  of  Civil  Defense  and  the  Defense  Atomic  Support 
Agency  guidance  and  recommendations  for  research  which  should  be  carried 
out  to  satisfy  their  requirements. 
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Real  satisfaction  of  the  objectives  depends  completely  upon  the 
extent  to  which  each  of  you  contribute  your  experience,  knowledge  and 
opinions.  Little  is  accomplished  in  a  meeting  of  this  sort  unless  there 
is  this  active  interchange. 

This  symposium  will  be  carried  out  in  two  distinct  parts. 

The  first  part  will  consist  of  four  open  sessions  held  today  and 
tomorrow.  A  total  of  23  prepared  papers  will  be  delivered.  After  each, 
time  will  be  available  for  questions  and  comments. 

On  the  fourteenth,  each  of  the  session  chairmen,  the  individuals  who 
made  presentations  in  his  session  and  representatives  of  OCD  and  DASA 
will  assemble  as  a  Working  Group.  For  the  most  part  their  discussions 
will  be  restricted  to  their  session  subject  area  --  such  as  particle 
development  or  radiation  fields.  This  will  be  a  serious,  formal  attempt 
to  arrive  at  conclusions  concerping  the  symposium  objectives  to  define 
the  current  status  of  research  and  knowledge  and  to  characterize  required 
future  efforts.  Unless  there  are  very  good  reasons  to  the  contrary  it  is 
planned  to  restrict  the  Working  Group  meetings  to  the  individuals  noted 
above;  it  is  felt  that  only  through  such  limited  attendance  will  there 
be  fruitful,  directed  discussions.  The  deliberations  of  the  working 
groups  are  to  be  summarized  in  brief  state-of-the  art  reports.  These 
reports  will  be  published  as  part  of  the  record  of  the  symposium. 

NRDL  would  very  much  like  to  assemble  and  publish  a  record  of  the 
symposium  no  later  than  June  30,  66.  The  record  is  planned  to  Include 
the  presentations  and,  as  noted,  the  Working  Group  reports.  To  date  we 
have  received  drafts  of  10  of  the  23  scheduled  papers.  To  accomplish 
publication  at  the  desired  date  it  will  be  necessary  to  receive  the 
remaining  papers  and  the  initial  drafts  of  the  Working  Group  reports  no 
later  than  April  19.  We  view  this  as  a  final  cut-off  date  and  earnestly 
solicit  your  cooperation  in  this  regard.  If  it  is  at  all  feasible,  NRDL 
will  publish  an  unclassified  document  containing  most  of  the  material 
and  accompany  this  with  a  supplementary  classified  report. 
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Thank  you  for  your  attention. 

At  this  time  I  would  like  to  Introduce  Lt.  Commander  Jack  Canei 
DASA  Project  Officer  for  Fallout  and  Residual  Radiation. 


DASA  MISSION 


J.  W.  Cane 

Defense  Atomic  Support  Agency 
Washington.  D.C. 


Good  Morning  Gentlemen: 

I  would  like  to  welcome  you,  on  behalf  of  DASA,  to  this  symposium. 

I  was  personally  gratified  by  the  response  to  Invitations.  This  sympo¬ 
sium  was  originally  Intended  to  be  an  exchange  of  views  between  OCD  and 
DASA  Contractors,  but  It  soon  became  apparent  that  the  attendance  should 
not  be  limited  to  them,  and  we  are  pleased  at  the  great  interest  shown 
in  this  meeting. 

The  DASA  mission  is  to  support  the  Secretary  of  Defense,  Joint 
Chiefs  of  Staff,  Services  and  others  as  appropriate  In  nuclear  weapons 
matters.  Primary  staff  supervision  comes  from  JCS  while  DDR&E  has  cogni¬ 
zance  over  our  RDT&E  programs.  In  addition,  ATSD  (AE)  supervises  cer¬ 
tain  of  uur  logistics,  safety  and  liaison  activities.  We  are  the  DOD 
Coordinator  for  research  In  the  effects  of  nuclear  weapons,  and  we  re¬ 
spond  to  requirements  of  the  Services  for  effects  information.  This  boils 
down  to  the  following  with  regard  to  fallout  research:  Wo  sponsor  re¬ 
search  activity  which  we  in  coordination  with  the  services  feel  to  be 
necessary  to  enable  one  to  adequately  assess  the  fallout  hazard  as  it 
affects  military  operations  and  strategic  plans.  Our  current  program 
is  at  a  focus.  We  are  completing  the  first  version  of  the  DOD  land 
fallout  prediction  system  this  year.  You  will  hear  more  about  this  later 
in  the  symposium.  We  expect  this  model  to  provide  all  users  with  the 
type  of  Information  they  need,  but  also,  and  just  as  important  for  this 
group,  we  expect  tests  of  this  model  to  tell  us  what  effects  are  the 
most  significant  contributors  to  fallout  prediction,  so  that  with  these 
results  we  can  go  ahead  and  slmollfy  the  model  in  those  areas  where 
tests  show  It  Is  advisable,  and  do  more  research  in  those  areas  where 
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we  need  more  complete  knowledge.  So,  the  results  of  future  tests  of 
the  completed  modal  will  determine  the  direction  of  our  effort.  This 
is  the  reason  for  my  earlier  remark  about  our  program  coining  to  a  focus. 

In  addition  to  the  DOD  fallout  prediction  system,  we  have  in  final 
stages  of  completion  prediction  codes  for  underwater  and  water  surface 
bursts  and  for  faat>neutron  activation  of  soil  materials.  We  are  pro¬ 
ceeding  with  publication  of  DASA  1215,  the  five-volume  compilation  of 
fallout  data  from  past  shots.  We  also  have  a  pilot  program  of  post 
facto  cloud  filter  analysis,  of  which  you  will  hear  more  later. 

Before  yielding  the  floor  to  Mr.  Greene,  may  I  leave  two  thoughts 
with  you:  First,  please  remember  wo  are  allbtting  1/2  day  for  each 
session  and  discussion  in  order  to  be  finished  in  two  days;  second,  1  am 
looking  forward  to  a  most  interesting  symposium.  In  this  connection 
may  I  borrow  from  John  Milton  the  following  quotation  to  keep  our  ses¬ 
sions  in  perspective:  "Where  there  is  much  desire  to  learn  there  of 
necessity  will  bo  much  arguing,  much  writing,  many  opinions;  for  opinion 
in  good  men  is  but  knowledge  in  the  making." 
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OCU  OBJECTIVES  IN  FAIXOUT  RESEARCH 


J.  C.  Greene 
Office  of  Civil  Defense 
Washington,  D.  C. 

The  objectives  of  the  fallout  studies  sponsored  by  the  Office  of 
Civil  Defense  are  very  broad.  In  one  way  or  another,  almost  anything 
relating  to  fallout  has  a  civil  defense  Implication.  Because  of  this 
breadth  of  Interest,  let  me  first  narrow  It  a  bit  by  identifying  general 
areas  in  which  our  interests  are  minimal. 

PCD  has  little  Interest  In  tactlcal-slaed  weapons.  This  includes 
yields  below  perhaps  100  [<T.  In  a  strategic  attack  on  this  country,  the 
weapons,  unfortunatel r,  seem  likely  to  be  much  more  powerful.  The 
Russians  claim  they  have  bombs  of  the  lOO-megaton  variety. 

We  have  only  minor  interest  in  deep-water,  surface,  or  sub-surface 
bursts,  even  of  megaton  size.  Although  such  bursts  might  occur  in  sea 
battles,  or  as  a  result  of  aiming  errors  or  aborts,  or  through  defensive 
action,  the  hazard  posed  to  the  civilian  population  seems  to  be  small 
compared  to  the  fallout  hazard  from  land-surface  detonations.  Megaton 
bursts  in  rivers  or  on  lake  or  coastal  harbors  likely  would  produce 
fallout  similar  to  that  in  the  land-surface  burst  case. 

We  have  little  interest  in  underground  bursts.  In  a  strategic 
nuclear  attack  on  this  country,  there  seems  to  be  no  easy  way  to  get  a 
weapon  very  far  underground  nor,  for  that  matter,  any  particular  benefit 
from  doing  so. 

Any  of  the  above,  l.e.,  small -weapon  or  sea  or  underground  bursts, 
may  be  of  considerable  concern  to  the  military.  A  battlefield  commander 
would  have  a  grave  concern  about  how  much  fallout  to  expect  from  a  tacti¬ 
cal  weapon  and  where  it  will  go.  The  Havy  would  have  real  interest 
in  the  fallout  characteristes  of  an  anti-submarine  detonation,  and  the 
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demolition  expert  of  necessity  must  consider  the  underground  event. 

On  the  other  hand,  there  are  areas  of  Interest  to  civil  defense 
that  are  of  only  minor  concern  to  the  military.  As  examples,  civil 
defense  must  consider  both  short-  and  long-term  food  ^nd  water  contamina¬ 
tion  problems,  especially  Iodine-131  and  strontlum-90.  The  effects  of 
beta  and  gamma  radiation  on  both  wild  and  domestic  plants  and  animals, 
and  the  subsequent  consequences  to  the  food  supply  and  to  the  ecology 
may  be  very  Important.  The  longer-range  somatic  and  genetic  effects  of 
heavy  and  low-level  exposures  to  external-  and  internal-radiation  sources 
must  be  considered  in  developing  shelter  plans  and  exposure-control  doc¬ 
trine  for  civil  defense  emergency  operations  teams. 

In  brief,  the  civil  defense  interests  as  we  see  them  can  be  sum¬ 
marized  under  the  following  categories:  Fallout  Patterns,  and  the 
Physical,  Radiological  and  Chemical  Properties  of  Fallout.  I  don't 
mean  to  imply  that  these  categories  are  inclusive  —  or  independent  — 
they  are  not. 

1.  Fallout  Patterns.  Civil  defense  needs  to  know  the  probable 
characteristics  of  fallout  patterns  Cespecially  the  gamma 
dose  rates  as  a  function  of  time,  distance,  and  direction) 
resulting  from  the  detonation  of  high-yield  nuclear  weapons, 
considering  such  factors  as  height  of  burst,  weapon  design, 
type  of  soil,  and  meteorology.  It  is  through  use  of  "models" 
of  such  fallout  patterns  in  analyzing  hypothetical  attacks 
that  the  requirements  for  fallout  shelters  are  determined 

in  terms  of  quantity,  quality  (protection  factor),  and  distri¬ 
bution. 

2.  Radiological  Properties  of  Fallout.  Civil  defense  needs  to 
predict  radiological  properties  of  the  fallout  in  order  to 
evaluate  such  factors  as  shielding  requirements,  decay  charac¬ 
teristics  (e.g.,  probable  shelter  stay  time),  decontamination 
requirements,  and  radiological  Instrument  characteristics. 

3.  Physical  Properties  of  Fallout.  The  physical  properties  of 
fallout  must  be  taken  into  consideration  in  planning  fallout 
decontamination,  l.e.,  mass  and  particle-size  distribution  of 
material  to  be  moved.  The  physical  properties  also  relate  to 
requirements  for  filters  in  ventilation  systems,  the  settling 
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rates  of  fallout  In  water-supply  systems,  and  relocation  due 
to  wind,  rain,  or  traffic. 

4,  Chemical  Properties  of  Fallout.  The  chemical  property  of 
fallout  of  moat  concern  to  civil  defense  is  its  solubility. 
Solubility  determines  such  things  as  the  dissolution  of 
Individual  radionuclides  in  water  supplies,  the  biological 
availability  of  the  fallout  (l.e.,  plant  and  animal  uptake) 
and  the  amount  of  radioactivity  that  would  remain  behind  after 
a  contaminated  street  had  been  flushed  froo  of  fallout,  parti¬ 
cles  by  water  hosing. 

The  National  Civil  Defense  Program  has  as  its  central  element, 
tho  protection  of  the  civil  population  against  the  effects  of  fallout. 

It  is  obvious  that  the  best  possible  understanding  of  the  fallout  threat 
Is  needed  If  this  protection  is  to  be  effective  and  is  to  be  achieved 
at  the  least  possible  cost. 
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CLOUD  CHEMISTRY  OF  FALLOUT  FORMATION* 


J .  Nornan 
General  Atomic, 


and  P.  Wlnchell 
San  Diego,  California 


ABSTRACT 

The  fallout  model  presented  by  C .  F.  Miller  to  account 
for  fractionation  of  flsaion  products  during  fallout  formation 
has  been  reconsidered  to  Include  the  glassy  nature  of  fallout 
particles  from  a  general  land  surface  detonation.  The  occur¬ 
rence  of  glass  formation  requires  the  use  of  temperature- 
variable  condensed  state  diffusion  coefficients  In  place  of 
"go/no-go"  diffusion  represented  by  a  soil  fusion  temperature 
In  order  to  amply  describe  fission  product  absorption. 

In  describing  fission  product  absorption  according  to 
this  dlffuslvlty-condensatlon  model,  fallout  formation  is 
assumed  to  be  governed  by  equilibria  established  at  the  gas- 
surface  interfaces,  the  rate  of  cooling  of  vh)  cloud,  and  the 
rate  of  diffusion  of  adsorbed  fission  products  into  the  central 
portions  of  the  fallout  particles.  Using  this  model  to  mako 
calculations  appears  to  be  quite  reasonable,  nnd  examples  of 
such  Gdlculatlons  are  included.  In  these  calculations,  how¬ 
ever,  cloud  effects  that  will  cause  particle  '’.tirrlng,  cloud 
radlatlon-f leld  chemical  effects,  and  agglomeration  are  not 
considered.  Also,  the  cloud  is  considered  to  be  homogeneous. 

In  this  Laboratory,  measurements  have  beer  made  of  some 
of  the  gaseous  fission  product -molten  silicate  equilibria. 
Measurements  of  some  fission  product  diffusion  coefficients 
In  these  silicates  have  also  been  made.'  These  fission  product 
properties  are  being  studied  for  several  compositions  of  sl)i- 
cate  glasses  in  an  attempt  to  evaluate  the  composition 
parameter. 

An  electron  microprobe  Is  being  used  to  Investigate 
elemental  distributions  In  fallout  particles  from  various 
land  surface  detonations.  The.se  studies,  while  generally 
confirming  model  hypotheses,  point  out  the  existence  of 
inhomogeneltles  and  accretion  phenomena  that  are  not  yet 
part  of  any  calculatlonal  system. 


♦Research  sponsored  by  the  Office  of  Civil  Defense,  Office  of 
the  Secretary  of  the  Army,  through  the  Technical  Management 
Office,  U.S.  Naval  Radiological  Defense  Laboratory. 
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MODEL  STUDIES 


Since  the  obaervatlon  of  fractionation  of  fission  products  In 
fallout  formation  I It  has  been  realized  that  fission  products  differ 
considerably  from  one  another  in  their  behavior  at  early  times  after  a 
nuclear  detonation.  This  has  been  attributed  to  a  difference  In  the 
chemistry  of  the  Individual  fission  product  elements.  Fission  products 
whose  precursors  form  particularly  volatile  species  In  an  oxygen-rich 
atmosphere  are  found  In  fallout  generally  to  a  degree  that  would  seem  to 
Indicate  different  primary  total  fission  yields  than  fission  products 

(2) 

whose  precursors  are  easily  condensed  In  the  same  atmosphere.  Miller 
explained  this  phenomenon  by  relating  the  absorption  of  a  fission  product 
to  the  thermodynamics  of  volatilization  of  appropriate  fission  product 
oxides,  fire  ball  parameters,  and  a  "freezing  temperature"  of  the  fallout 
droplets.  In  this  model,  fission  product  absorption  Is  governed  by 
equilibrium  thermodynamics  down  to  the  "freezing  temperature"  of  the  soil. 
At  this  point,  further  fission  product  sorption  is  treated  as  adsorption. 
In  general,  this  model  exhibits  reasonable  agreement  with  observed 
fractionation  of  fission  products.  It  also  yields  an  estimate  of  the 
quantity  of  surface-adsorbed  fission  products,  which  can  be  translated 
Into  a  quantity  of  biologically  active  fission  products. 

While  Miller's  "freezing  point"  model  provides  a  degree  of  realism 
not  encountered  In  strictly  physical  models.  Its  premises  are  somewhat 
unrealistic.  Specifically,  the  assumption  of  "go/no-go"  condensed  state 
diffusion  is  Inadequate  for  silicate  soil  fallout  both  above  and  below 
any  reasonable  "freezing  temperature."  In  the  first  place,  "molten" 
silicates  In  the  region  Just  above  their  "freezing  temperatures"  are 
generally  viscous  liquids  which  have  associated  with  them  rather  low 
mobilities  (diff usivltles)  of  their  component  species.  As  a  result. 
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above  the  "freezing  temperature,"  liquid  silicate  fallout  particles  will 
not  be  uniformly  loaded  with  fission  products  but  will  exhibit  a  consid¬ 
erable  radial  concentration  gradient,  except  for  the  least  volatile 
fission  product  oxides,  in  all  but  the  largest  particles.  It  is  also 
true  of  molton  silicates  that  they  tend  to  form  glasses  on  cooling.  A 
glass,  of  course,  is  a  supercooled  liquid  whoso  viscosity  has  become  so 
high  that  the  tendency  toward  crystallization  has  become  essentially 
negligible.  Dlffusivity  in  a  glass,  as  a  first-order  description,  can 
be  considered  an  extension  of  dlffusivity  In  the  corresponding  molten 
silicate.  Therefore,  the  system  behaves  as  if  no  phase  transition  of 
any  kind  has  occurred.  This  means  that  not  only  is  the  assumption  of 
homogeneity  above  a  "freezing  temperature"  Inadequate,  but  the  assumption 
of  strictly  surface  adsorption  occurring  after  the  "freezing  temperature" 
has  been  reached  is  also  questionable.  Indeed,  the  very  smallest  fallout 
particles  may  absorb  fission  product  oxides  essentially  homogeneously  at 
temperatures  lower  than  the  "freezing  temperature." 

The  use  of  temperature-dependent  dlffusivlties  in  place  of  the 
"freezing  temperature"  is  thus  a  natural  step  in  describing  fission 
product  sorption  in  silicate  fallout  particle  formation.  For  this  ex¬ 
tension  of  the  chemical  model,  sorption  of  fission  products  is  deemed  to 
occur  by  a  homogeneous  gas  phase  coming  to  equilibrium  with  the  surface 
of  all  fallout  particles.  The  adsorbed  fission  products  then  diffuse 
into  the  assumed  nonconvectlng  fallout  particles.  These  processes  occur 
in  a  temperature-time  field  associated  with  the  nuclear  detonation. 

In  order  to  illustrate  this  condensation-diffusion  model,  a  para¬ 
metric  study  of  the  variables  involved  in  the  model  was  made.  The 
parameters  investigated  were  weapon  yield,  diffusion  coefficient,  acti¬ 
vation  energy  for  diffusion,  fallout  particle  radius,  Henry's  Law 
constant  (a  ratio  of  partial  pressure  to  solution  concentration),  enthalpy 
associated  with  Henry's  Law  constant,  initial  fission  product  pressure, 
and  relative  quantities  of  fission  product  and  soil  associated  with  the 
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cloud.  Each  o/'  these  parameters  enters  Into  the  calculation  at  a  given 
temperature  of  the  average  concentration  and/or  diffusion  profile  of  a 
fission  product  In  a  fallout  particle. 

Concentration-Independent  diffusion  In  spherical  particles  as  given 
(3) 

by  Carslaw  and  Jaeger  Is  assumed  to  govern  the  penetration  of  the 
condensed  fission  product  Into  the  silicate.  The  diffusion  coefficient, 
D,  Is  related  to  the  average  concentration,  C,  and  the  surface  concen¬ 
tration,  Co,  by  the  following  equation: 

Cq  -  C  _  6_  ^  _l_^-(!r»n*Dt/R*>  , 

Co  ~  ma  2/  n* 

n=l 

where  R  Is  the  radius  of  the  spherical  particle  and  t  Is  the  diffusion 

time.  The  diffusion  coefficient  and  the  Henry’s  Law  constant  are  assumed 

to  follow  Arrhenius  and  Clauslus-Clapeyron  temperature  dependencies, 

respectively.  For  the  purpose  of  this  Investigation,  the  silicate  Is 

considered  nonvolatile.  The  thermal  history  of  a  nuclear  event  Is 

approximated  in  the  following  manner.  Cooling  rates  are  calculated  at 

2300°,  2100°,  1900°,  1700°,  1500°,  1300°,  and  1100 °K  from  an  equation 

(4) 

given  by  Frelllng,  Crocker,  and  Adams.  At  each  temperature  the  calcu¬ 
lated  cooling  rate  is  used  to  estimate  the  time  required  for  a  particle 
to  cool  from  100°  hotter  to  100°  cooler  than  the  selected  temperature. 

In  this  treatment  the  particle  is  assiuned  to  reside  at  that  temperature 
for  this  time  and  then  dlscontinuously  cool  200°C.  That  Is,  the  cooling 
process  Is  taken  as  a  stepped  function  which,  while  It  Is  far  from  the 
actual  situation,  appears  to  exhibit  In  a  not  too  greatly  distorted 
manner  most  of  the  features  of  the  cooling  phenomenology  associated  with 
fallout  formation. 

To  permit  consideration  of  the  first-order  effects  of  the  system 
parameters,  a  set  of  reference  values  for  these  parameters  has  been 
chosen.  Some  values  were  selected  with  the  aim  of  being  realistic  and 
some  with  the  aim  of  keeping  the  evaluation  of  system  behavior  simple. 
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The  reterence  conditions  and  the  investigated  tirst-order  variations  cf 
these  values  are  given  In  Table  1.  A  first-order  variation  of  one  of 
the  reference  values  is  studied  by  changing  the  value  in  question  and 
retaining  the  rest  of  the  reference  conditions. 

The  first  parameter  considered  here  is  weapon  size.  While  weapon 
size  will  undoubtedly  affect  some  of  the  other  parameters  listed,  such 
as  the  comparative  amounts  of  fission  product  and  soil  and  the  Initial 
fission  product  pressure,  the  only  effect  considered  in  the  weapon  size 
variation  is  the  effect  on  the  cooling  rate  of  the  system.  The  other 
suggested  effects  will  be  considered  separate  parameters. 

A  relation  between  cooling  rates  for  different  yield  events  can  be 

easily  derived  by  means  of  the  following  cooling  rate  scaling  equation 

(4) 

presented  by  Frelllng: 

_  g  -V  3  X  io““  w’®  '*  T*  ,  (2) 

where  -dT/dt  is  the  cooling  rate  (*K/sec)  and  W  is  the  yield  (KT).  The 
ratio  of  residence  times  for  a  given  temperature  range,  dT,  Is  given  by 
the  I'atio  of  yields  to  the  0.3  power: 


Thus,  a  100-fold  inorease  in  yield  results  In  a  residence  time  Increase 
of  a  factor  of  approximately  4.  (The  effect  of  this  change  In  weapon  size 
on  the  distribution  of  fission  products  In  a  particle  is  the  same  as  a 
factor  of  4  increase  in  diffuslvlty  or  a  factox*  of  2  decrease  in  particle 
size.  However,  this  effect  is  not  particularly  noteworthy.)  Thus, 
retarding  the  rate  of  cooling  by  increasing  the  size  of  the  nuclear  event 
has  only  a  minor  effect  on  fission  product  distribution  in  fallout.  This 
effect  Is  shown  In  Fig.  1,  where  the  standard-conditions  profiles  are 
compared  with  the  10-MT  variation,  and  Is  compared  in  Fig.  2  with  larger 


Table  1 


Parameter  Description  for  Formation 

Of  Fallout  Slmulatlor 

PARAMETER 

VARIATIONS 

WEAPON  SIZE  (COOLING  RATE),  KILOTONS 

100 

10,000 

DIFFUSION  COEFFICIENT  AT 

I67VK,  CM*/ SEC 

-7 

10 

*5  *9 

10  JO 

ENERSY  OF  ACTIVATION  FOR  DIFFUSION 
[•dRln(0)/d(l/T)]  .KCAL/MOLE 

100 

90 

PARTICLE  RADIUS,  CM 

lo'* 

*3 

10 

RELATIVE  quantities  OF  FISSION 
PRODUCT  AND  SOIL* 

<0.1  ABSORBED 
AT  IIOO'K 

0.2  ABSORBED 
AT  ZIOO'K 

0.1  ABSORBED 
AT  I700*K 

HENRY'S  LAW  CONSTANT  (FVC) 

AT  ISrS'K  (ATM) 

1 

10** 

ENTHALPY  OF  THE  HENRY'S  LAW 
CONSTANT  C-dRln(P/C)/d(l/T)]. KCAL/MOLE 

-BO 

-AO 

INITIAL  FISSION  PRODUCT 

PARTIAL  PRESSURE.  ATM 

io'° 

1  o'* 

effects  caused  by  either  changes  In  dtffuslvlLy  (10"’  to  10"®  cm*/sec  at 
1673®K)  or  particle  size  (10"*  to  10"*  cm). 

In  these  and  subsequently  Introduced  figures,  the  concent rati  .a 
profiles  at  each  of  the  temperature  steps  are  presented.  The  h^  .jh  con¬ 
centration  envelope  of  these  reported  profiles  may  be  considered  the 
resulting  concentration  profile  of  a  cold  fallout  particle.  Since  the 
volume  of  the  outer  10^  of  the  radius  shell  of  a  sphere  is  1000  times 
the  volume  of  the  inner  10,^  of  thu  shell,  the  high  surface  concentrations 
shown  are  an  even  more  Important  contribution  to  the  total  activity  of 
the  particle  than  is  at  first  apparent  from  the  figures. 

The  particle  radius  and  diffuslvity  parameters  are  intimately  re¬ 
lated  according  to  Eq.  (1)  and  will  he  considered  together.  The  effects 
of  decreasing  the  particle  size  or  increasing  the  diffuslvity  are  shown 
in  Fig.  2.  Under  the  reference  conditions,  the  earliest  major  effects  of 
diffusion  limitation  of  absorption  appear  at  IBOO’K  and  1500®K,  respec¬ 
tively,  fcJt  particles  with  a  radius  of  10"*  and  10"*  cm.  A  large  particle 
thus  gets  out  of  equilibrium  with  the  accompanying  gas  cloud  at  higher 
temperatures  than  does  a  smaller  particle.  This  is  sufficient  reason  to 
expect  large  particles  to  carry  less  than  their  share,  on  a  volume  basis, 
of  volatile  fission  products. 

Another  related  effect  is  that  of  variation  in  the  temperature 
coefficient  of  diffusion.  For  different  silicates  in  the  Ca0-Al203-Si0a 
system,  the  authors  have  reported  activation  energies  associated  with 

(5) 

diffusion  of  radloantlmony  of  120  to  60  kcal/mole.  In  Fig.  3,  the 

effect  of  changing  the  reference  activation  energy  from  100  to  50  kcal/ 
mole  is  shown.  This  effect  is  quite  similar  to  that  measured  in  the 
CaO-AlaOs-SiOj  sy^^tem.  Figure  3  shows  a  very  pronounced  lengthening  of 
the  temperature  range  where  diffusion-limited  absorption  is  apparent  for 
the  described  parametric  change.  Even  at  the  highest  temperature  studied 
(230U°K),  diffusion  limitation  i.s  Important  in  the  case  of  the  50  kcal/ 
mole  activation  energy;  and  at  the  lowest  temperatures,  penetration  of 
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the  fisblun  product  ib  btill  a  lew  microiie  aiul  LIuik  the  fission  product 
deposited  at  1100‘’K  is  probably  not  all  effectively  on  the  leachable 
surface . 

The  results  of  the  parametric  studios  discussed  thus  far  strongly 
point  out  that  the  variation  of  absorption  with  diffusion  parameters — 
principally  properties  of  the  soil  constituting  the  major  portion  of  a 
fallout  particle — is  quite  Important  in  describing  fission  product 
absorption.  Another  factor  to  be  considered  is  the  effect  of  chemistry 
between  the  surface  of  the  fallout  particle  and  the  gas-phaso  Interface. 

Figure  4  Illustrates  the  effects  of  changes  in  the  partial  pressure 
of  a  fission  product  and  in  the  Henry's  Law  constant,  simplified  hero  to 
mean  the  partial  pressure  of  a  fission  product  divided  by  its  equilibrium 
surface  concentration  In  the  silicate.  This  figure  is  rather  uninter¬ 
esting,  as  only  axis  translations  are  involved.  While  the  effect  of  a 
first-order  change  in  either  parameter  (shown  here)  suggests  only  a 
proportional  difference,  the  effect  of  second-order  (parametric  inter¬ 
action)  changes  makes  these  quantities  important  with  regard  to  distri¬ 
bution  of  the  fission  product  in  fallout.  In  particular,  the  interaction 
of  this  axis  translating  effect  with  changes  in  the  relative  amounts  of 
fission  product  and  soil  is  important. 

An  examination  of  changes  in  the  temperature  coefficient  of  the 
Henry's  Law  constant,  illustrated  In  Fig.  5,  is  also  not  very  revealing. 
The  major  effect  noted  in  changing  to  the  lower  enthalpy  is  the  compres¬ 
sion  of  the  axis.  This  does  affect  the  diffusion  profile  somewhat,  as 
can  be  seen  by  the  envelopes  of  the  two  sets  of  curves,  but  is  only  likely 
to  be  important  as  it  interacts  with  the  relative  amounts  of  fission 
product  and  soil.  Thus,  the  effect  of  changing  this  temperatvire  coeffi¬ 
cient  seems  relatively  uninteresting  except  as  it  changes  the  absorption 
level  at  which  depletion  of  the  gas  phase  could  set  in. 

One  of  the  most  interesting  system  parameters  Is  the  relative 
amounts  of  fission  product  and  soil,  given  here  by  the  quantity  of  fission 
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product  absorbed  at  a  particular  temperature  and  set  of  conditions.  In 
Fig-  6,  this  effect  Is  demonstrated  for  three  levels  of  absorption. 
Consider  the  case  of  a  highly  absorbed  fission  product.  The  Henry's 
Law  constant,  as  defined,  will  bo  quite  small,  which  means  that  the 
fission  product  will  be  almost  totally  absorbed  before  low  enough  tem¬ 
peratures  are  reached  for  a  diffusion  profile  to  be  apparent.  The 
concentration  profile  then  would  look  like  cither  the  2100°  or  2300°K 
profile  translated  to  the  proper  surface  concentrations.  In  Fig.  6,  the 
situation  for  a  fission  product  which  is  20'J^  absorbed  at  2100'’k  is  also 
demonstrated.  This  type  of  profile  shows  clearly  what  may  be  expected 
for  absorption  of  a  slightly  "fractlonable"  fission  product  in  silicates 
during  fallout  formation.  The  curves  representing  absorption  at 
1700“K  would  bo  representative  of  a  more  volatile  fission  product  clement, 
and  the  reference  conditions  cvtrves  would  be  representative  of  a  very 
volatile  fission  product  element.  It  is  thus  apparent  that  this  cloud 
depletion  cutoff  of  absorption  is  one  of  the  major  factors  determining 
how  important  dif fusivities  are  in  describing  the  distribution  of  a 
fission  product  within  a  fallout  particle  and  among  fallout  particles. 

A  degree  of  realism  can  be  assigned  to  the  parameters  used  in  this 
study.  The  weapon  sizes  chosen  certainly  can  be  considered  typical. 
Diffusion  coefficients  in  the  CaO-AljOj-SiOj  system  for  all  of  the 
elements  studied  have  been  between  10"®  and  10“’'  cm*/sec  at  1673“K. 
Activation  energies  for  diffusion  between  46  and  130  kcal/mole  have  been 
measured.  Particle  radii  of  10  to  100  microns  would  seem  to  be  in  a  very 
important  range.  An  estimated  Henry's  Law  constant  around  unity  at  1673°K 
has  been  a  criterion  used  in  selecting  "fractlonable"  fission  products. 

The  Henry's  Law  constant  temperature  coefficient  range  selected  en¬ 
compasses  the  experimental  values  reported  for  cesium  and  molybdenum. 

Fission  product  partial  pressures  of  10"^®  nlm  are  in  line  with  estimates 
(q  ) 

by  Miller.  While  the  low  amount  of  fission  product  absorbed  at  1100°K 

used  as  a  measure  of  comparative  amounts  of  fission  product  and  soil  is 
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probably  quite  atypical,  the  amounts  abaurbed  given  In  the  variations 
seem  very  reasonable  values  for  real  systems. 

The  parametric  study  thus  suggests  that  there  should  be  concentration 
gradients  of  volatile  fission  products  In  fallout  ano  that  limitation  of 
fission  product  absorption  In  fallout  by  condensed  state  diffusion  should 
bo  expected.  Since  completion  of  this  study,  an  effort  has  been  made  to 
submit  the  proposed  model  to  a  computer  program.  While  this  Initially 
seemed  a  rather  formidable  task.  It  has  been  reduced  to  a  reasonable 
problem.  The  mathematical  system  Includes  tlmc-tcmporaturo  stopping, 
Henry's  Law  constants,  diffusion  coefficients,  detonation  models,  and  a 
mass  balance  equation  relating  the  total  amount  of  a  nuclide  in  the  cloud 
to  the  amounts  of  this  nuclide  In  the  gas  phase  and  in  the  particles  of 
various  sizes  through  an  analytically  determinable  surface  concentration 
of  the  nuclide.  By  stepping  the  temperature  and  decaying  the  nuclides, 
a  similar  but  more  complicated  analytical  determination  of  an  Increment 
to  the  surface  concentration  can  be  made.  This  stepping  calculation  then 
Is  performed  for  the  nuclide  until  the  diffusion  process  essentially 
ceases.  This  calculatlonal  system  can  be  carried  out  through  a  nuclide 
chain  in  order  to  Incorporate  Into  the  model  elemental  transmutation 
effects.  In  this  way,  It  seems  feasible  to  make  calculations  describing 
the  chemistry  of  fallout  formation  according  to  a  oondensatloii-dlffuslon 
mode. 

For  this  model  experimental  values  of  Henry's  Low  constants  and 
diffusion  coefficients  are  necessary.  Thus,  a  large  portion  of  the 
present  studies  has  consisted  of  an  experimental  program  to  Investigate 
the  absorption  and  diffusion  of  fission  product  elements  Into  silicate 
matrices  from  oxygen-rich  atmospheres. 


VAPORIZATION  STUDIES 


For  the  vaporization  studies,  It  was  necessary  to  select  a  silicate 
matrix  as  a  simulant  of  a  basic  fallout  particle  matrix.  The  CaO-AlgOs- 
SIO2  system  was  chosen  lor  the  following  reasons.  It  has  a  liquid  range 
which  is  adequate  (eutectic  melts  at  1450“K) .  The  elements  making  up 
this  system  arc  very  common  soil  Ingredients.  Experimentally,  this 
system  is  easier  to  work  with  than  sodium,  potassium,  or  Iron  soils 
beenusc  there  Is  no  problem  with  volatile  components  or  variable  valence 
states.  The  working  composition  ranges  arc  shown  in  Fig.  7. 

(5 ) 

Stmlles  of  Henry's  Law  constant  performed  at  General  Atomic  have 
Included  mcusureinent.s  of  vaporization  thermodynamics  of  the  elements 
cosluiii,  rubidium,  molybdenum,  tellurium,  ruthenium,  antimony,  Iodine, 
and  Indium  from  silicate  melts.  These  studies  have  been  made  cither  by 
equl  1  Ibrul  lug  suiiiplos  with  certain  pressures  of  those  elements  and 
measuring  uptr.Ue  or  by  using  the  transpiration  method.  In  both  cases, 
ossenl tally  tlio  same  experimental  apparatus  (illustrated  in  Fig.  8)  is 
used.  A  silicate  solution  containing  a  radloactivoly  tagged  element  to 
bo  studied  Is  placed  In  the  bottom  of  a  platinum  tube.  While  this  melt 
Is  held  at  lilgli  temperature,  a  gas  Is  flowed  between  the  walls  of  the 
mell-contulnlng  platinum  tube  and  an  inner  Intlnum  tube.  In  the  space 
between  the  melt  and  the  bottom  of  the  Inner  tuuc ,  the  gas  picks  up  the 
vapor  of  a  fission  product  dissolved  in  the  molt.  The  gas  is  then 
sampled  by  passing  It  tlirough  a  capillary  In  the  bottom  of  the  inner 
tube.  The  amount  of  fls.slori  product  transpired  through  the  orifice  can 
be  related  to  the  partial  pressure  of  the  fission  product  in  the  vapor 
phase.  If  the  solution  is  dilute  enough,  this  pressure  and  the  solution 
concentration  of  the  fission  product  should  be  a  measure  of  the  Henry's 
Law  constant  for  this  element  in  this  system. 

Typical  transpiration  data  are  shown  In  Fig.  9.  These  data  follow 

(6) 

the  formula  described  by  Merten  to  account  for  diffusional  flow  as 
well  as  slug  transport  of  a  transpired  species  through  a  capillary: 
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where  p  Is  the  partial  pressure  of  the  transpired  species;  V  equals  the 
gas  flow  rate  times  the  capillary  length.  A,  divided  by  the  quantity  of 
the  species  diffusion  coefficient,  D,  times  the  capillary  cross-sectional 
area,  A;  and  K  Is  the  mass  flow  rate  times  A/QA  times  the  gas  constant, R, 
times  the  temperature  divided  by  the  molecular  weight.  When  V  becomes 
small,  K  approaches  p;  and  when  V  becomes  large,  K  approaches  Vp.  From 
the  type  of  data  shown  In  Fig.  9,  the  value  of  p  can  readily  be  extracted. 
The  1  w  flow  rates  necessary  for  gas  phase  saturation  In  these  transpl- 
r  jn  studies  are  noteworthy.  Indeed,  transpiration  studies  of  this 
type  yield  thermodynamic  equilibrium  data  and  constitute  the  mo.st  accurate 
type  of  data  that  the  authors  have  achieved. 

Much  of  the  data  presented  here  has  been  obtained  from  equilibration 
studies  performed  In  the  same  apparatus.  In  these  studies,  samples  are 
hung  in  the  chamber  above  the  silicate  melt  and  allowed  to  come  to 
equilibrium  with  the  gases  above  the  melt.  The  gas  composition  In  this 
region  is  determined  by  transpiration  techniques,  and  sample  composition 
Is  determined  directly  after  quenching  and  dismantling  of  the  system.  In 
this  way,  Henry's  Law  constants  are  derived.  The  major  problem  with  this 
method  is  that  It  has  not  been  possible  to  quench  rapidly  enough  to  pre¬ 
clude  transfer  of  fission  product  between  the  melt  and  the  samples  during 
cooling. 

The  results  obtained  from  the  transpiration  and  equilibration  'idles 
are  summarized  in  Fig.  10.  Only  the  55  equivalent silicate  points  ir 
cesium  and  rubidium  were  determined  by  the  transpiration  method-  (Also, 
heats  of  vaporization  of  cesium  and  rubidium  from  thi.s  melt  have  been 
established  as  79  and  81  kcal/raole,  respectively,  using  the  transpiration 
method.)  The  other  ceslura  and  rubidium  points  are  equilibration  data 
corrected  to  force  agreement  between  the  transpiration  and  equilibration 
data  at  the  55  equivalent-‘ji  silicate  points..  For  both  elements  the  equil¬ 
ibration  data  showed  somewhat  higher  loadings  than  the  transpiration  data. 
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The  equil ibr-itlon  data  for  the  other  elements  studied  probably  are 
not  as  reliable  aa  the  cealum  and  rubidium  data.  The  antimony  and 
ruthenium  data  may  be  questionable  because  of  platinum  absorption  of 
these  metals  from  an  oxygen  atmosphere.  The  antimony  data  also  are  sus¬ 
pect  because  of  formation  of  a  gas  phase  polymer  (Sb40,)  and  must  be 
corrected  to  the  monomer  (SbO)  to  apply  In  fallout  situations.  The 
tellurium  and  Iodine  data  appear  to  be  valid;  however,  because  of  sensi¬ 
tivity  problems  they  must  be  considered  less  reliable  than  the  cesium 
and  rubidium  data.  The  iodine  dimer,  I3,  also  constitutes  a  problem. 

The  molybdenum  data  are  good,  but  they  too  suffer  from  the  presence  of 

gas  phase  polymers  (MosOg  and  M03O4).  A  correction  for  the  effect  of 

(7) 

polymers  in  these  systems  can  be  and  has  been  made. 

In  general,  these  data  show  that  there  can  be  a  considerable  solution 

nonideality  correction  for  fission  product  oxides  in  silicates.  It  is 

also  apparent  that  the  correction  may  vary  with  the  silicate  employed. 

Only  ruthenium  and  tellurium,  which  would  not  be  expected  to  Interact 

strongly  with  silicates,  gave  pressures  within  a  factor  of  100  of  the 

(2) 

ideal  solution  values  presented  by  Miller. 

As  mentioned  above,  there  has  been  some  difficulty  in  interpreting 
the  cesium  and  rubidium  vaporization  data,  the  main  problem  being  that 
the  vapor  pressures  of  these  species  are  found  to  be  insensitive  to 
oxygen  pressure.  If  these  species  vaporize  as  the  elements  and  are 
dissolved  as  monovalent  positive  Ions,  there  should  be  a  dependence  on 
oxygen  pressure,  namely, 

Cs  +  •^  O  =  ^  Cs<g)  +  ^  Og(g)  (5) 

For  this  reason,  mass  spectrometrlc  studies  of  the  vaporization  of  CsgO 
and  RbgO  have  been  made.  In  these  studies  it  was  found  that  contrary 
to  previous  Information  in  the  literature,  evaporating  species  Included 
CS3O,  CS2O2,  and  RbgO.  Thermodynamic  stabilities  hnve  been  determined 
for  these  oxides.  This  discovery  makes  it  easy  to  believe  that  the 


presence  of  some  gaseous  mixed  oxide  can  be  responsible  lor  the  lack  of 
dependence  on  oxygen  pressure.  Since  the  activity  of  cesium  in  the 
silicate  melt  Is  quite  low,  It  does  not  appear  that  the  volatile  species 
are  themselves  the  dlmeric-type  oxides.  A  cursory  mass  spectrometer 
search  for  the  species  vaporizing  from  the  silicate  is  planned. 

DIFFUSION  OF  RADIONtCLIDES  IN  MOLTEN  SILICATES 

Since  diffusion-limited  transport  Is  considered  one  of  the  important 
parameters  in  fallout  formation,  part  of  the  present  studies  has  been 
concerned  with  trace-level  chemical  diffusion  of  tagged  fission  product 
elements  in  molten  matrices  which  were  chosen  from  the  CaO-Al^Os-SiO,  ter¬ 
nary.  In  some  cases,  radionuclides  were  purchased  from  Oak  Ridge  National 
Laboratory  and  then  were  Introduced  into  the  vitreous  matrices.  In  other 
cases,  carrier  nuclides  were  Incorporated  In  the  matrices  and  subsequently 
activated  in  General  Atomic's  TRIGA  reactor.  In  all  cases,  the  dlffusant 
was  Initially  homogeneously  distributed  in  the  glasses  at,  or  below,  the 
Vfo  level. 

Two  methods  were  employed  to  investigate  transport  in  these  media. 

(8) 

One  technique,  called  the  plane-source  technique,  utilizes  platinum 
capillaries  containing  a  matrix  which  Is  overlayed  with  a  small  amount 
of  the  same  substance  containing  the  radiotracer.  After  this  couple  is 
annealed  at  a  known  temperature  for  a  known  period,  the  sample  is  sec¬ 
tioned,  and  the  resulting  concentration  gradient  defines  the  dlffusivity. 

The  alternative  method,  which  to  the  authors'  knowledge  is  unique  in  such 

(5) 

studies,  is  called  the  vaporization  technique.  It  involves  vapori¬ 
zation  of  the  radionuclide  from  a  bead  of  glass  which  is  both  contained 
by  and  heated  by  a  platinum  ring  which  is  a  resistance  element.  In  this 
case,  the  sample  Is  pumped  in  a  high-vacuum  system  with  the  Jacket  kept 
cold.  The  Isothermal  rate  loss  of  the  radionuclide  defines  the 
dlffusivity. 
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Both  approaches  have  been  used  extensively  at  General  Atomic,  and 
for  live  different  nuclides,  they  yield  data  which  agree  within  tho 
uncertainties  of  the  techniques.  The  vaporization  technique  has  added 
virtue  In  that  it  provides  precise  energies  of  activation  with  a  single 
sample,  and  that  It  has  greater  utility  and  simplicity  here  than  the 
plane^source  technique.  An  example  of  concentration-gradient  data 
obtained  with  the  plane-source  technique  is  shown  In  Fig.  11,  and  an 
example  of  Isothermal  rate  loss  data  obtained  with  the  vaporization 
technique  Is  shown  In  Fig.  12.  Results  from  an  activation  energy  study 
performed  with  tho  vaporization  technique  are  plotted  In  Fig.  13.  On  a 
statistical  basis,  both  techniques  provide  the  same  data.  The  two 
methods  are  compared  In  Fig.  14,  which  Is  an  Arrhenius  plot  of  antimony 
dt.^fusion  data  In  the  1450°K,  eutectic  CaO-AljOs-SlOj  system.  The  over¬ 
all  uncertainty  in  the  diffusivlty  Is  roughly  5o;i,  which  is  not  a 
standard  deviation  but  Includes  temperature  and  matrix  uncertainties. 

Thus  far,  studies  of  the  transport  of  nine  radionuclides  In  the 
1460°K  Ca0-Ala03-Sl02  eutectic  have  been  completed.  Also,  a  composition- 
dependence  study  was  carried  out  for  antimony  diffusing  in  six  different 
compositions  of  the  CaO-AlgOg-SlOg  ternary.  As  demonstrated  by  the 
vaporization  technique,  Arrhenius's  Law  may  be  used  to  describe  the  data. 
The  diffusion  equation  may  be  written 

login  D  =  A  -  I  ,  (6) 

where  D  Is  in  cm^/scc  and  T  Is  In  ‘’K.  In  the  language  of  Eyrlng's  for¬ 
mulation,  B  is  proportional  to  the  energy  of  activation  and  A  is  propor¬ 
tional  to  the  sum  oi  a  "constant"  and  the  entropy  of  activation. 

The  results  for  the  nine  species  diffusing  In  the  14S0*K,  eutectic 
matrix  are  summarized  in  Table  2.  This  table  shows  the  wide  range  of 
values  obtained  for  A  and  B,  the  corresponding  range  of  activation 
energies  being  46  to  94  kcal/mole.  It  is  also  apparent  from  Table  2 
that  a  reasonable  correlation  exists  between  A  and  B.  This  correlation. 


/ 

,1 


26 


Table  2 

Activation  Energies  and  Entropies  for  Diffusion  In 
CaO-AlaOg-SiOa  Eutectic  Between  1215°  and  IBSO^K 


SPECIES 

A. 

B  %  I0‘ 

Cl 

5.57 

20.5 

Rb 

4.27 

18.2 

K 

3.80 

17.1 

In 

3.57 

’  18 .3 

T« 

3.30 

15.6 

Sn 

2.49 

16.7 

Sb 

2.10 

14.1 

Mo 

0.94 

12.5 

No 

0.14 

10.0 
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which  Is  shown  in  Fig.  IS,  is  evidently  a  special  case  of  a  general 
correlation  between  A  and  B  for  diffusion  in  molten  silicates.  The 
authors  have  compiled  a  set  of  more  than  100  A,  B  data  points  for  dif¬ 
fusion  of  many  different  nuclides  In  many  different  silicate  matrices. 

The  resulting  A;B  correlation  la  surprisingly  good.  This  can  be  con¬ 
sidered  an  example  of  the  compensation  law  In  kinetics  which  has  been 

••  (9) 

observed  In  many  different  systems.  Ruetschl  has  discussed  this 
compensation  law.  Its  Importance  to  fallout  considerations  Is  that  if 
A  (or  B)  is  known,  or  can  be  predicted,  then  a  statistically  reasonable 
value  of  B  (or  A)  can  be  obtained,  and  the  thermal  behavior  of  the 
diffuslvlty  is  thus  definable.  At  this  point,  to  our  knowledge,  there 
Is  no  rule  which  affords  a  prediction  of  individual  values  of  either 
A  or  B.  For  the  four  alkali  metals  in  Table  2,  a  good  correlation  is 
found  between  A  (or  B)  and  the  reciprocal  Ionic  radius  (see  Fig.  16). 
Indeed,  the  values  of  A  and  B  were  predicted  successfully  for  potassium 
prior  to  initiation  of  the  experiments  involving  potassium.  One  would 
thus  expect  that  the  reciprocal  ionic  radius  would  enter  into  any  pre¬ 
diction  for  the  behavior  of  multiply  charged  species.  Work  in  this  area 
Is  still  in  progress  at  General  Atomic. 

Matrix  effects  upon  the  diffuslvlty  of  radionuclides  are  expected 
to  be  of  major  Importance  in  the  diffusion  of  radionuclides  In  molten 
silicates.  A  preliminary  study  has  been  carried  out  to  determine  the 
dependence  of  antimony  diffusion  on  compositional  changes  within  the 
Ca0-Al303-Si0g  ternary.  Six  matrices  were  prepared  which  had  a  constant 
CsOiAIqOs  ratio  and  a  changing  CaO:S103  ratio.  These  glasses  were 
homogeneously  doped  with  radloantlmony,  and  the  transport  of  this  nuclide 
was  studied  using  the  vaporization  technique.  The  results  are  shown  In 
Table  3. 

From  Table  3,  the  A:B  correlation  may  be  observed.  Also,  the  very 
strong  dependence  of  both  A  and  B  on  SlOj  content  is  obvious.  Figure  17 
Illustrates  the  change  in  activation  energy  (E^  =  4.575  B)  with  SiOg 
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Table  3 

Comparison  of  Antimony  Diffusion  Data  with  Composition  of 
CaO-AlaOa-SiOa  Melt 


SiO. 

(eouiv.  %) 

HH 

ex  10*® 

NO.  POINTS 

TEMP  RANGE 
(•K> 

34 

r.39 

22.3 

5 

1967  >  1746 

43 

8.90 

24.9 

e 

1613  -  1779 

SO 

4.T2 

17.9 

4 

1672  •  1824 

ss 

2.10 

14.1 

23 

1219  -  1866 

59 

4.93 

19.2 

4 

1739  -  1692 

63 

9.32 

27.8 

7 

1739-  1866 

concentration.  This  result  Is  not  yet  undcrstouci,  and  further  studlc.s 
of  this  kind  arc  boln^  made.  A  similar  dependence  of  the  diffusion 
coefficient  on  SIO,  content  is  also  evident.  Further  studies  in  this 
urea  should  reveal  how  to  estimate  dlffuslvlties  for  use  In  the  propo.scd 
model . 


EliiCTRON  MICUOFROBE  STUDIES  OF  FALLOUT  PARTICLES 

Electron  microprobe  studios  of  silicate  fallout  particles  have 
yielded  results  which  support  the  condeusution-dlf fusion  model.  While 
fls.sion  products  were  not  present  In  these  parttcles  at  a  hiR-h  enough 
concentration  to  be  observed  by  electron  mlcroprobo  tcchnicjucs,  other 

(5) 

elements  such  us  iron,  potassium,  silica,  and  load  were  easily  found. 

The  distribution  of  those  olomonts  as  demonstratod  by  the  mlcroprobo  was 
in  lihc  with  what  would  be  expected  from  diffusion  control  of  fission 
product  penetration. 

As  part  of  the  electron  mlcroprobo  studios,  a  fallout  particle, 
which  was  oval  in  shape  rather  than  spherical,  was  submitted  to  micro- 
probe  analysis.  The  results  arc  illustrated  in  Fig.  18.  Picture."  (a) 
and  (b)  arc  photomicrographs  of  the  sectioned  particle.  On  the  right 
end  of  the  particle  is  a  portion  of  a  square  raster  burned  Into  the 
plastic  surrounding  the  particle.  This  r,a.ster  is  located  where  focused 
exciting  electrons  were  swept  over  the  particle  (and  mounting  plastic), 
giving  rise  to  the  characteristic  X-rays  which  tell  what  quantity  of  an 
element  is  present  at  any  spot  swept  on  the  raster.  Pictures  (c),  (d), 
(o),  (1),  (g),  and  (h)  are  raster  pictures,  in  which  the  concentration 
of  an  element  on  the  face  of  the  sectioned  fallout  particle  Is  directly 
related  to  the  brightness  of  the  mlcroprobo  picture.  Bright  areas  In 
llio  electron  backscattcr  picture,  (c),  suggest  high  molcculai'  weight 
material.  Mlcroprobo  picture  (d)  suggests  that  tlu:  dark  area  of  tlie 
fallt)ut  particle  in  the  electron  backscatter  plciii,-  was  liigli  in  silicon. 
Picture  (e)  show.s  potassium  to  be  reasonably  uniformly  di.str  ibulod ,  except 
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in  the  hlgh-silica  region.  Picture  (f)  sliows  u  ninrilar  slLualion  Xor 
iron,  except  that  there  seems  to  he  somewhat  more  segregation.  Picture 
(g)  shows  that  titanium  Is  highly  sogrcgatotl  along  the  silica  inclusion 
border,  and  picture  (h)  show.s  that  lead  is  bordering  the  particle  and 
the  silica  inclusion.  The  SiOj  Inclusion  lead  border  suggests  that  the 
fallout  particle  has  accreted  the  silica  inclusion.  Further  investigation 
of  this  lead  border  reveals  that  it  exhibits  a  diffusion  gradient  as 
demonstrated  in  Fig.  19.  That  is,  tlio  lead  concentration  falls  off 
continuously  from  the  surface  of  the  particle  toward  its  interior. 

The  formation  of  this  particle  might  be  reconstructed  from  Figs.  18 
and  19  as  follows.  A  Icad-coatcd,  unmclted  slllca-titania  particle  was 
accreted  by  the  main  particle  while  It  was  quite  fluid.  This  event  was 
followed  by  the  accretion  of  a  molten,  iron  potassium-silicate  particle 
which  was  also  coated  with  lead.  This  happened  when  the  particle  was 
viscous  enough  so  that  it  did  not  fully  sphcroldizc.  The  lack  of 
potassium  gradient  suggests  that  the  particle  was  not  heated  to  a  high 
enough  tcniporaturo  to  lose  it.s  potassium  and  pick  it  back  up  with  a  re¬ 
sulting  concentration  gradient.  Since  the  iron  could  come  from  the 
tower  or  the  soil,  its  history  cannot  be  well  defined.  However,  iron 
secni.4  to  be  more  concentrated  near  the  surface  than  In  the  central 
portions  of  tlic  particle.  On  the  other  hand,  lead  Is  presumably  not  a 
major  soil  contaminant,  and  mu.st  have  been  sorbed  by  the  particle  from 
the  vapor  state.  It  does  show  condensation-diffusion  model  phenoracr 

Other  particles  from  the  same  shot  generally  showed  the  same 
characteristics — load  borders,  surface  iron,  large  silica  inclusions, 
and  evidence  of  agglomeration  (usually  to  a  much  lesser  degree,  however). 
While  the  particles  investigated  normally  had  diameters  in  the  millimeter 
region,  at  least  one  particle  (attached  to  a  large  particle)  was  only  a 
tenth  this  size.  This  particle,  shown  in  Fig.  20,  exhibited  features 
much  like  those  described  previously — a  load  border  and  high  iron  con¬ 
centration  near  the  surface.  This  particle  oven  shows  evidence  of  the 
accretion  of  a  siuullcr  lead-coated  Iron  particle. 
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Microprobe  studios  have  also  been  made  on  particles  from  a  seeded 
coral  shot.  Hlgh-lron ,  black,  spherical  particles  from  this  shot  show 
crystallization  phenomena  rather  than  diffusion  phenomena.  These  parti - 
clea  thus  might  bettor  fit  the  Miller  model  of  fission  product  sorption 
governed  by  freezing  phenomena.  However,  the  most  Interesting  infor¬ 
mation  obtained  from  these  particles  Is  the  large  degree  of  nonhomogcnelty 
associated  with  the  seeding  elements  titanium,  zirconium,  silicon,  barium, 
potassium,  aluminum,  and  sulfur.  These  seeding  elements  range  In  con¬ 
centration  from  not  detectable  to  a  few  percent  from  particle  to  particle 
and  element  to  element.  They  are  distributed  to  a  highly  variable  degree 
of  homogeneity  within  a  particle.  Sometimes  a  spot  or  two  of  an  element 
is  found,  usually  near  the  surface;  other  times  a  major  phase  is  homoge¬ 
neously  loaded  with  an  element. 

CONCLUSIONS 

Mlcroprobc  studies,  diffusion  studies,  vaporization  studies,  and 
calculations  all  support  the  premise  of  this  paper  that  a  model  Incor¬ 
porating  condensed  state  diffusion  with  equilibrium  thermodynamic  fission 
product  absorption  on  the  surface  layers  of  silicate  fallout  particles 
is  superior  to  the  "freezing  point"  model  for  describing  the  phenomeno¬ 
logical  behavior  of  fission  products  In  silicate  fallout  formation.  The 
Implementation  of  this  model  is  strongly  recommended,  even  though  it  does 
not  encompass  all  the  relevant  phenomena  In  describing  the  distribution 
of  fission  pi'oducts  in  fallout  particles. 
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Fig.  1.  Profile  Variation  with  Weapon  Size 
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Rubidium  Transport  as  a  Function  of  Oxygen  Flow  Rate 


Fig.  11.  Example  of  Data  from  the  Plane-Source  Technique  for  Radiotln 
Transport  in  the  14S0*K  Eutectic  of  the  Ca0-Ala03-Si02 
Ternary  at  1858“K 
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Fig.  12.  Example  of  Data  from  the  Vaporization  Tochnlquo  for 
Radlorubldlum  Transport  In  the  1460‘K  Eutectic  of 
the  Ca0-Al203-Sl02  Ternary  at  1722®K 
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Fig.  13.  Temperature  Dependence  of  Diffusion  Coefficient  of  Radloceslum 
In  Two  Ca0-A1^03-S10a  Samples  of  Identical  Composition  but 
■with  Different  Radii  (Points  Are  Numbered  According  to  Order 
of  Experiments) 


Fig.  14.  Dlffusivity  of  Radioantlmony  In  Matrix  E  as  a  Function  of 
Reciprocal  Temperature 
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Fig.  15.  Correlation  Between  the  Coefficients  In  the  Diffusion  Equation. 

loKio  =  A-(B/T),  for  Diffusion  of  Radionuclides  in  the  1450*K 
Eutectic  of  the  Ca0-Al203-S102  Ternary 
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ACTIVA1 


Fig.  17.  Composition  Depondence  of  Activation  Energy,  E*,  for  Diffusion 
oi  Radiuantimony  in  Molten  Ca0-Al203-Si02  Classes 


Pig.  18  (e)  Potassium  Intensity  Picture  of  this  Feature- 

(f;  Iron  Intensity  Picture  of  this  Feature;  (g)  Titanium  K 
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Fig.  20.  Mlcroprobo  Studios  of  Another  Fallout  Particle;  (a)  Electron 
Bnckscatter  Intensity  Picture  of  a  Feature;  (b)  Lead 
Intensity  Picture  of  this  Feature;  (c)  Iron  Intensity 
Picture  of  this  Feature 
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AllSTUACT 

Till'  luck  ol'  unironiilly  In  rinl  IciclioinJ  ciil  compos  I  t  icm 
timonn'  sumplos  oL  iniclcut'  dolirl.s  pfoduec.s  n  cnncoiii  i  t  nil  I  viicl-- 
alion  In  ninny  pcopot'l  Ic.s  of  I  nt  ctc.s  I  :  ilic  panlll  Ion  ol 
rud  lomicl  ides  ainoiiK  local,  1  I'opo.splici'j  c,  and  n  I  ra  t  o.splicr  1  c 
I'alloiil,  till'  t'xpoMUi'o  nati'  ri'oin  dcpo.Hllcil  dohi'i.s,  i  Iw  vari¬ 
ation  oi'  t  hi  .s  rail*  wllli  .shlcldlnu  and  rnlmvatcr  Icaclilnc.,  and 
I  lie  avallaliiLilv  ol  1  ml  1  v  1  diia  1  niiclldc.s  lo  I  lie  li  1  osplic  re  . 

Till!  reeopnllion  ol  llie  iinporiaiice  ol  tlie.se  elTi'cis  has  pro¬ 
duced  a  deiiiand  Cor  Inereasiar,  .soph  i  .s  l  i  ca  I  Ion  In  I  he  iiielliods 
of  prodicl.liip'  llioiii.  Oiir  work  at  NIIDL  l.s  iiroMonlly  concornod 
with  the  llieorctic.nl  dcvelopiiioni  of  a  kinetic  metliod  for  i  ho 
prediction  o.i  J  raci  lonal  Ion  eJ'Iccls  and  I  lie  sJ mill  i  aneous 
iiicnsiircmcnl  oi'  reciuli'od  klnollc  and  tliermodyniiiiilc  Input  data. 

Using  a  two -temperature  i'urnaci'  of  special  design,  1  lie 
rate.s  of  condensation  of  MoO.,  vaiioi'  on  calcium  fei'rlte,  sodium 
silicate,  caicluiii  aluminum  silicate  eutectic,  and  clay  loniii 
liavo  been  iiieasurod.  I'l.xperlnicnts  were  performed  ui  IdDO^C  in 
dry  air  at  partial  pressures  of  lo  5xlO'''*atm,  of  MoO;,. 

Ujilake  iOr  spherical  particles  was  determined  as  a  function 
of  lime  and  particle  diameter.  Uoth  rate  and  moclianlsm  of 
uptake  were  I'ouiul  to  vui'y  markedly  with  substrate  composition. 


INTRODUCTION 


The  ability  to  realistically  predict  nuclear  weapons  effects  is  of 
universally  recognized  importance  to  the  national  security.  Also  rec¬ 
ognized  is  the  fact  that  the  effects  of  residual  radiation  have  long 
been  among  the  most  difficult  to  treat  satisf ectorily .  This  difficulty 
is  due  partly  to  the  complexity  of  these  effects,  partly  to  their  in¬ 
adequate  documentation,  and  partly  to  the  extreme  variability  of  the 
debris.  In  the  case  of  land-surface  bursts,  initial  attempts  to  handle 
fallout  prediction  began  by  distributing  an  appropriate  quantity  of 
activity  (usually  in  terms  of  an  eventual  exposure  rate)  among  particles 
of  varying  kinematic  properties.  After  assigning  some  initial  spatial 
distribution  to  these  particles,  rise,  fall  and  transport  mechanisms 
were  employed  in  various  degrees  of  detail  to  bring  them  to  earth. 

Numerous  prediction  schemes  were  devised,  and  although  each  was  estab¬ 
lished  to  give  reasonable  predictions  for  at  least  one  known  case, 
comparison  of  the  predictions  made  by  these  schemes  for  other  cases  were 
found  to  be  disheartenlngly  different.  Eventually  and  gradually  it  has 
been  realized  that  a  different  approach  is  called  for. 

One  sensible,  alterns-tive  approach  to  this  problem  is  through  the 
breakdown  of  the  overall  prediction  scheme  into  modules  (e.g,,  a  particle- 
formation  module,  a  cloud-rise  module,  a  transport  module,  etc.)  and 
submodules  which  can  be  evaluated  individually  for  both  validity  and 
influence  and  refined  as  necessary  to  obtain  the  confidence  levels 
required.  At  HRDL  we  have  been  using  this  kind  of  approach.  The  efforts 
of  the  Physical  Chemistry  Brandi  have  been  directed  toward  a  particle- 
formation  module. 

Figure  f  shows  a  schematic  diagram  of  the  processes  whfch  occur  in 
particle  formation.  Our  ability  to  predict  the  properties  of  fallout 


56 


particles  thoorotically  will  depeml  upon  our  ability  to  handle  the 
processes  shown  lioro.  The  efforts  of  Glenn  Crocker  have  brought  the 
treatment  of  tlic  nuclear  properties  to  a  point  of  refinement  commensurate 
with  the  available  data.  Laboratory  studies  by  Charlie  Adams,  Jack  ^an 
and  Bill  Balkwell  are  now  being  directed  toward  the  condensation  of 
radioactive  species  on  primary  particles.  Ian  Huebsch  is  helping  us  to 
tackle  coagulation  and  scavenging  effects. 

This  paper  concerns  the  work  of  Adams,  Quan  and  Balkwell,  Although 
their  investigations  arc  still  in  early  stages,  they  have  already  turned 
up  significant  and  not  generally  expected  features  of  the  condensation 
process.  Their  findings  represent  a  firm  and  decisive  step  on  the  road 
to  putting  the  study  of  fallout  formation  on  a  scientific  basis. 

PRELIMINARY  INVESTIGATIONS 

The  apparatus  used  for  these  studies  is  shown  schematically  in 
Figure  2.  It  consists  mainly  of  a  two-temperature  furnace  constructed 
from  gas-tight  aluminum  oxide  tubing  and  lined  with  platinum  foil.  The 
high-temperature  zone  at  the  top  is  wound  with  Pt-lO'/sRh  wire  and  the  low 
temperature  zone  at  the  middle  and  bottom  is  wound  with  Kanthal  wire. 

When  conducting  a  run,  the  top  and  bottom  furnace  zones  are  first 
heated  to  the  proper  temperature,  the  vapor  source  (In  this  case  radio¬ 
active  M0O3)  is  inserted  through  the  bottom  into  the  low  temperatui’e 
zone,  the  flow  of  dry  air  is  begun  (60ml/min)  and  the  system  is  allowed 
to  equilibrate  for  several  hours.  The  partial  pressure  of  the  M0O3  in 
the  apparatus  is  determined  by  weighing  the  M0O3  source  before  and  after 
each  series  of  runs  and  measuring  the  volume  of  carrier  gas  that  has 
passed  through  the  apparatus. 

The  samples  whose  uptake  of  M0O3  is  to  be  studied  are  suspended 
from  a  platinum  wire  hook,  preheated  in  a  flame,  and  then  lowered  axially 
through  the  hole  at  the  furnace  top  into  the  high-temperature  zone. 
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After  till'  (Ic'slroil  exiiosure  the  sample  is  tpiicklv  withdrawn,  qucnchcii  in 
air,  iiiiil  the  amount  ol'  MoO^  uptake  dot  <‘vmi  neil  by  i-nilioac  Live  countinu. 

In  the  |)rcl iminary  runs,  snini>les  consisted  ol  molten  calcium  fcri'itc, 
molti'n  loam  or  molten  sodium  silicate  and  were  suspended  In  flat,  round 
i rays . 

I'iKurc  d  sliows  the  resul  s  obtainoil  by  this  method  ns  a  Rrapli  of 
rate  of  uptake  vs.  parlinl  pressure  of  M0O3 .  It  can  be  seen  that  the 
three  materials  show  considerable  variation  in  the  rate  at  which  they 
take  up  M0O3  vapor. 

The  calcium  ferrite,  wliich  is  both  the  most  fluid  and  the  most 
reactive  with  M0O3,  takes  up  the  va|)or  the  fastest.  For  this  substance 
the  St  Ickint!,  coel  iicient  (defined  in  Ueforonce  1  as  the  dimensionless 
ratio  ol  the  atiiovinl  taken  up  to  the  number  of  impacts  calculated  by 
kinetic  llieory)  in  the  linear  region  is  (i.OxUr'*.  Thu  loss  fluid  .sodium 
silicate  lias  a  coofilciotU  of  2.2xltl"^  wliilo  the  viscous  clay  loam  has  a 
coefficient  of  0,3x10"*,  The  ciuestlon.t  now  arise  as  to  what  is  the 
s ipni f icance  of  these  low  sticking  coot  I  icients  and  how  arc  they  related 
to  the  aetual  nieclianism  of  condensation.  Preliminary  to  describing  the 
conclusions  wo  liave  reached,  some  theoretical  background  on  this  subject 
is  apiiroprlat  e . 

IIACKGUOUND 

The  C'Uidcnsat ion  of  fission-product  vapors  on  substrate  material  is 

a  case  of  complex  heterogeneous  kinetics.  Figure  3  shows  the  various 

courses  that  can  lie  taken  by  a  molecule  impinging  on  a  surface.  These 

(2) 

have  been  dealt  wi  t  li  previously  in  sonic  detail.  In  the  present  paper 

we  will  confine  discussion  to  the  gross  features. 

From  a  simplified  viewpoint  the  steps  in  condensation  can  be  visu¬ 
alized  as  (1)  diffusion  through  the  vapor  to  the  particle  surface, 

(2)  condensation  at  the  surface,  (3)  diffusion  into  the  particle  and 
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(4)  eventual  equilibrium  between  vapor  and  condensate.  The  relative 
rates  at  which  particles  of  different  size  condense  fission  products  and 
eventually  distribute  them  will  depend  upon  the  relative  dominance  of 
these  stops. 

If  the  first  three  steps  all  proceed  rapidly  and  reversibly,  equi¬ 
librium  will  be  achieved  and  the  radionuclides  will  distribute  themselves 
among  the  available  particles  in  proportion  to  the  cube  of  their  diame¬ 
ters,  provided  the  particles  are  large  enough  that  surface  effects  can 
be  neglected. 

If  condensation  is  reversible  but  the  slowness  of  one  particular 
stop  (called  the  rato-floterminlng  step)  controls  the  rate  of  attaining 
equilibrium,  the  1‘ate  of  uptake  will  be  proportional  to  some  power  of 
tlio  particle  diameter.  If  particle  diffusion  is  slower  than  cither  vapor 
diffusion  or  surface  condensation,  the  particles  will  take  up  the  vapor 
at  rates  proportional  to  their  surfaces.  If  condensation  ceases  long 
before  equilibrium  is  reached  in  any  particle,  the  resulting  distribution 
among  particles  will  go  as  the  square  of  the  diameter.  A  .somewhat 
greater  degree  of  achieving  equilibrium  would  result  in  the  smaller 
particles  becoming  equilibrated  v^lth  the  vapor  while  the  larger  ones 
remained  unsaturated. 

If  condensation  at  the  surface  were  rate  determining,  pni'ticles 
would  again  take  up  vapors  at  rates  proportional  to  their  surfaces;  again 
an  early  cessation  of  the  reaction  would  leave  a  surface  distribution; 
again,  if  the  reaction  were  reversible,  the  smallest  particles  would 
achieve  equilibrium  first. 

If  vapor  diffusion  were  rate  determining,  particles  much  larger 
than  the  mean  free  path  of  the  condensing  molecules  would  assimilate 
fission  products  as  the  first  power  of  their  diameters.  Particles  much 
smaller  than  a  mean  free  path  would  assimilate  fission  products  as  the 
second  power  of  their  diameters.  As  before,  the  smaller  particles  would 
get  the  closer  to  equilibrium. 
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Tabln  1  summarizes  those  ounsideratlons  and  shows  also  the 
dependence  of  uptake  upon  time  for  different  rate-determining  steps. 
Here  it  Is  seen  that  the  time  required  to  reach  a  given  concentration 
depends  upon  the  mechanism:  it  is  proportional  to  the  diameter  for 
surface-condensation  control  but  to  the  diameter  squared  for  particle- 
diffusion  control.  This  fact,  too,  can  be  used  as  a  criterion  in 
referring  the  nature  of  the  rate-determining  step. 

At  this  point  wo  should  not  anticipate  that  every  fission  product- 
substrate  combination  would  be  governed  by  the  same  mechanism,  or  even 
that  each  situation  will  be  a  clear  cut  case  of  government  by  a  single 
slow  step.  Control  may  pass  gradually  from  one  step  to  another  with 
changes  in  temperature,  particle  size,  etc. 


Table  1 

Functional  Dependence  of  Deposition  Properties  on  Time  (t)  and 
Particle  Diameter  (x)  for  Different  Rate-Controlling  Steps 
(Spherical  particles  far  from  equilibrium) 


Rato- 

•Controlling  Step 

Diffusion 

Condensation 

Diffusion 

Property 

in  Vapor 

at  the 

in  the 

WBam 

x«A 

Surface 

Particle 

Rate  of 

Uptake 

X 

x® 

X* 

X* 

VT 

Amount 

Taken  up 

xt 

x^'t 

xH 

xVt 

Average 

Concentration 

t 

t 

X 

t 

X 

Vt 

X 

Time  to  Reach 
a  Given 
Concentration 

X* 

_ 

X 

X 

^  \  =  mean  free  path  of  condensing  molecule 
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MECHANISM 


To  determine  the  significance  of  the  observed  sticking  coefficients 
and  the  mechanisms  responsible,  a  series  of  experiments  was  designed  to 
gather  data  which  would  use  the  relations  of  Table  1  to  distinguish  be¬ 
tween  rate-determining  steps.  These  experiments  measured  the  rate  of 
uptake  by  pendant  drops  of  molten  substrate  supported  by  Pt  wire  loops. 
Drop  diameter  varied  from  0.16  to  0.5cm.  The  substrates  used  were 
calcium  ferrite,  sodium  silicate  and  clay  loam,  as  before.  For  inter- 
comparison  of  results  with  the  General  Atomic  group,  calcium  aluminum 
silicate  was  added  to  the  list.  Runs  were  conducted  at  1387®C  using 
about  6  to  7xl0"®atm.  of  M0O3  in  dry  air. 

Figures  5  and  6  show  the  results  obtained  with  calcium  ferrite  and 
clay  loam,  respectively,  as  graphs  of  uptake  vs.  time.  Results  obtained 
with  the  other  materials  were  intermediate  between  these  two  extremes. 

The  rate  of  M0O3  uptake  by  the  fluid  calcium  ferrite  particles  are 
seen  to  be  independent  of  time,  indicating  that  the  rate-controlling 
step  is  either  surface  reaction  or  vapor  diffusion.  The  high  affinity 
of  CaO  for  M0O3  suggests  that  the  latter  is  more  likely. 

The  rate  of  M0O3  uptake  by  the  viscous  clay  loam  is  time-dependent, 
as  were  the  results  obtained  with  sodium  silicate  and  calcium  aluminum 
silicate  eutectic.  These  observations  suggest  that  diffusion  in  the 
particle  is  rate  controlling  for  the  siliceous  substrates. 

A  further  test  of  these  indications  can  be  obtained  by  studying  the 
rate  of  uptake  as  a  function  of  drop  size.  This  is  shown  for  calcium 
ferrite  in  Figure  7.  Here,  the  rate  of  uptake  is  plotted  both  against 
the  diameter  x  and  against  x®.  The  linear  relation  to  the  diameter 
shows  that  diffusion  in  the  air,  rather  than  reaction  at  the  surface,  is 
rate  controlling.  This  conclusion  is  in  accord  with  the  physical  and 
chemical  properties  of  the  calcium  ferrite. 
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FiKUi'o  8  shows  the  results  for  the  clay  loam.  Here,  the  amount  ol 
uptake  is  plotted  against  x*t,  xVt  and  xt  for  each  particle.  Onlv  the 
curve  against  x*V^t  la  linear,  supporting  the  previous  indication  that 
diffusion  in  the  particle  Is  rate  determining.  This  support  is  clearer 
for  the  smaller  particles  and  Is  in  accord  with  the  high  viscosity  of 
this  material. 

The  results  obtained  for  the  other  two  substances  are  not  as  clear 
cut,  although  in  each  case  the  graphs  for  the  smallest  particle  again 
indicate  that  particle  diffusion  is  rate  controlling.  Graphs  for  the 
larger  sizes  are  ambiguous. 

Figure  9  compares  the  amount  of  uptake  of  W0O3  for  all  foui'  sub¬ 
stances  as  n  function  of  particle  size.  Next  to  calcium  ferrite, 
calcium  aluminum  silicate  eutectic  takes  up  M0O3  most  rufildly, 

Sodium  silicate  is  soon  to  approximate  more  closely  the  bolmvior  oJ  the 
clay  loam. 

One  sample  of  clay  loam  and  one  of  calcium  aluminum  silicate  were 

allowed  to  take  up  M0O3  until  saturation  was  renclicd.  The  fin.nl  amounts 

taken  up  wore  0,18  and  0.98  weight  percent  (0.12  and  O.dG  mole  percent) 

respectively.  These  correspond  in  turn  to  Henry’s  Law  constants  of 

5,1x10“®  and  1.4xl0“®atm.  The  latter  agrees  with  the  value  10“®-10~'*atm. 
(3) 

reported  by  Norman.  The  value  for  the  clay  loam  is  1juse<i  fin  an 

assumed  molecular  weight  of  92.5  and  is  for  illustrative  purposes  only. 

This  equilibrium  data  allowed  diffusion  constants  to  bo  calculated. 

Depending  upon  the  data  chosen  these  varied  from  5x10"®  to  9x10“ ®cm®/sec 

for  the  clay  loam  and  4xl0~®  to  12xl0"®cm®/scc  for  the  eutectic.  The 

(3 ) 

latter  value  is  some  forty  times  lower  than  that  reported  by  Norman, 

The  discrepancy  and  range  indicate  that  in  our  case  uptake  by  the 
outectic  is  not  completely  controlled  by  particle  diffusion. 
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If  the  rate-controlling  steps  observed  here  hold  for  the  condttlcns 
under  which  particles  are  formed  In  Nevada  and  Eniwetok,  these  results 
have  considerable  practical  significance.  To  the  already  impressive  list 
of  known  differences  between  Nevada  and  Eniwetok  surface  shots  (viz., 
yield,  soil  melting  point,  soil  boiling  point,  chemical  affinity)  they 
add  the  difference  of  mechanism  of  condensation  for  at  least  one  fission 
product  element.  Attendant  to  this  possibility  is  the  awareness  that 
added  caution  is  necessary  when  extrapolating  results  from  one  soil  to 
another,  particularly  when  so  many  difficulties  in  fallout  prediction, 
past  and  present,  can  he  traced  to  one  or  another  unwarranted 
extrapolation. 

There  is  some  slight  evidence  that  such  a  difference  in  mechanisms 

(4) 

may  hold  under  actual  shot  conditions.  Russell  has  pointed  out  that, 
in  the  5  to  50-M  range  of  active  particles  from  Bravo,  Sr*®  was  incorpo¬ 
rated  as  the  1,4  power  of  the  diameter  and  Mo®®  as  the  1.8  power,  while 
in  undifferentiated  Johnie  Boy  debris  these  powers  were  2.0  and  2.8 
respectively.  Of  course,  the  behavior  we  have  observed  would  be  more 
appropriately  applied  tu  Ru  and  Rh  activities,  but  the  differences 
mentioned  by  Russell  are  at  least  cause  for  concern. 

Further  studies  are  necessary  to  determine  whether  those  results 
hold  at  the  lower  vapor  pressures,  smaller  particle  sizes  and  higher 
temperatures  prevailing  in  fallout  formation.  Table  2  shows  some  c  the 
effects  that  changes  in  conditions  may  produce.  Also  necessary  are 
observations  on  the  effect  of  water  vapor,  comparison  of  ambiguous  cases 
witl  ' :  -oretlcal  equations,  and  comparison  of  apparently  clear  cut  cases 
to  meu..jred  diffusion  constants. 

In  closing  it  is  appropriate  to  paraphrase  the  words  of  G.  N.  Lewis 
and  M.  Randall  in  their  classic  treatise  on  thermodynamics:  "Let  this 
(work)  be  dedicated  to  the  (fallout  scientists)  of  the  newer  generation, 
who  will  not  wish  to  reject  all  inferences  from  conjecture  or  surmise, 


but  who  will  not  care  to  speculate  concerning  that  which  may  be  surely 
known . " 


Table  2 


Effect  of  Change  In  Conditions  on  Relative  Importance 
of  Processes  and  on  Final  Distribution 


Change 

Effect  on  Processes 

Effect  on  Rate 
of  Approach  to 
Equilibrium 

Increase 

Temperature 

Speed  up  all  processes. 

Decrease  relative  importance 
of  diffusion  in  the  particle. 

Increase 

Decrease 

Partial 

Pressure 

Decrease  relative  importance 
of  diffusion  in  the  particle. 

None  if  not 
controlled  by 
particle 
diffusion 

Shorten 

Exposure 

Increase  relative  importance 
of  diffusion  in  the  particle. 

Decrease 

Inc  re  asc 
Irreversibility 

Increase  relative  importance 
of  diffusion  through  the  vapor. 

Decrease 

Decrease 

Particle 

Diameter 

Increase  relative  importance 
of  diffusion  through  the  vapor. 

Increase 

Increase 

Turbulance 

Decrease  relative  importance 
of  diffusion  through  the  vapor. 

Increase  if 
controlled 
by  vapor 
diffusion 
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PHrSlCU.  a  CHEMICAL  PftOCESSES  MUCLEAH 

IN  THE  FIREBALL  AND  CLOUD  WlOCCmi 


MBMtO  AeiMTlCt 

S  ,.M  H 


Fill.  1.  Kallout-Foriiinlitin  Proco.sHiis  in  Air  unci  Surlauc  Bursts 


EHVIflOMMOlT 


I.OO«IO'*  J.00«!O-<  I.OC 

PARTIAL  PRESSV/RE  MoOj  (ATM) 


Results  of  Preliminary  Investigations 


CONDENSATION -MOLECULAR  LEVEL 


SPECULAR 

GROSS  IMPINGENT  FLUX  REFLECTION 


NET  CONDENSATION  FLUX 


Possible  Steps  that  Can  be  Taken  by  a  Molecule  Impinging  on  a 
Surface 


TIME  (min) 


g.  5.  M0O3  Uptake  vs.  Time: 


Ca0-Fe20; 


DIAMETER  OR  DIAMETER  SQUARED 


Fig.  7.  Rate  of  M0O3  Uptake  vs.  Size:  CnO-FegOa 


WEIGH-^  (;ig) 


WEIGHT 


Fig.  9.  MoOj  Uptake  vs.  Sjze 
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SIMULATION  OF  PARTICULATE  FALLOUT* 


G.  F.  Rymlors 

UnlvcTHlty  <>1  Ca  1  ITornia  ,  Lawroncc*  Rtitiialion  Lubnral  ory 
Livormorc ,  Culll'oniia 


ABSTRACT 

A  i-adifi-lrcqueiicy  induction  plnfima  gcnorutoi'  i.s  being 
used  to  obtain  cboniical  noactions  simllui'  to  Lliosc  cncoiintenccl 
In  a  nuclcai’  explosion.  Tlicrmal  plasmas  prcKliiccd  by  tbts 
tccliniqtic  range  in  tempo  rat  lire  from  4,000  to  20,000°K,  and 
offer  hlgli  cnthal]5tc  input  and  freedom  from  containci'  con¬ 
tamination.  While  material  fed  into  the  pla.smn  may  not 
reach  tho.se  tempera tures ,  the  moi-o  refractory  oxitlo.s  tan  be 
vaporized  complctciy.  Reactions  of  Intei'ost  generally  occur 
below  3(U)0“K.  In  tills  .sy.sleiti,  cuiii|)lctely  eneJosed  for  belter 
contiujl  of  the  envl I’onment ,  gas-gas  and/or  gas-ii<|Uld  re¬ 
actions  are  studied  by  variation  of  parameters  such  as  avei'- 
ago  particle  size,  feed  rate,  residence  time,  and  power  input. 
For  a  iiKjtiodl.spcrso  system  of  particles  fed,  a  bimodul  distri¬ 
bution  of  particles  results,  'flic  larger  partic l(,*.s  result 
from  melting  of  the  original  particles  (a  con.sequonco  of 
short  residence  time);  their  shape  is  controlled  by  surface 
tension.  They  may  bo  .solid  or  liollow,  crystalline  or  glassy. 
Some  of  tile  hollow  spheres  have  internal  negative  cry.stals. 
Particles  condensed  from  vapor  are  sub-micron  in  size  be¬ 
cause  of  the  short  quench  lime  which  limits  growth.  Both 
typc.s  of  particles  ai'c  similai’  to  those  found  in  nueienr 
explosion  debris.  The  report  also  gtve.s  a  description  of 
equipment  and  a  di.scussion  of  the  relutlonsliip  of  the  cxpcrl- 
mcntul  pui'ameters  to  those  expected  in  formation  of  fallout. 


Work  performed  under  the  auspices  of  the  U.S.  Atomic 
Energy  Coininiss  inn. 
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1 .  INTRODUCTION 


In  the  fireball  of  a  nuclear  explosion,  very  high  temperatures  are 

produced  in  which  material  exists  in  the  atomic  and  ionized  states- 

The  condensation  processes  responsible  for  determining  the  physical 

and  chemical  nature  of  fallout,  however,  occur  at  temperatures  less 

than  about  3,000*K.  A  number  of  working  models  have  been  proposed  to 

(1,2.3) 

explain  the  mechanism  of  fallout  formation  and  Its  distribution- 

These  models,  primarily  based  on  radiochemical  and  microscopic  studies 

of  fallout,  are  handicapped  by  a  lack  of  kinetic  and  thermodynamic  data. 

(4) 

Experimental  data  of  the  type  carried  out  by  Adams  and  Quan  at  NRDL, 
and  at  General  Atomica^^^  is  needed  for  incorporation  into  these  models. 

In  the  present  work,  an  experlemental  approach  has  been  taken  to 
simulate  some  of  the  chemical  processes  which  may  occur  during  the 
formation  of  fallout  in  the  later  stages  of  the  fireball-  The  labora¬ 
tory  plasma  provides  a  convenient  means  of  heating  materials  to  high 
temperatures  without  contaminating  the  container.  While  material  being 
fed  into  the  torch  may  not  reach  the  plasma  temperatures,  enough  heat 
may  be  transferred  to  melt  and  to  vaporize  the  most  refractory  oxides. 

A  primary  factor  in  this  transfer  Is  the  "residence  time"  which  in  this 
study  Is  of  the  order  of  tens  of  milliseconds-  The  rapid  heating  and 
quenching  effect  experienced  by  particles  in  the  plasma  has  an  obvious 
analogy  to  that  occurring  in  the  fireball. 

Laboratory  plasmas  have  been  used  In  a  number  of  applications  to 

(6) 

study  hlgh-temperature  reactions.  Kana'an  and  .Margrave  have  presented 
a  review  of  current  work  which  Includes  use  of  plasmas  as  spectroscopic 
excitation  sources,  ablation  studies,  crystal  synthesis,  spheroidization 
of  materials,  application  of  refractory  coatings,  and  chemical  processing. 
The  radio-frequency  Induction  method  was  chosen  for  our  work  to  eliminate 
electrode  contamination  problems  and  to  permit  the  use  of  reactive  gases. 
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An  investigation  of  the  characteristics  of  a  plasma  produced 
by  a  radio-frequency  induction  generator  shows  that  temperatures 
between  4,000  and  20, 000 “K  may  be  attained.  '  For  torciieB  opera¬ 
ting  at  one  atmosphere,  local  thermal  equilibrium  is  found  to  exist  with 
the  gases  of  the  more  common  types,  that  is,  temperatures  are  found  to  be 
equal  for  electrons,  ions,  and  atoms,  within  short  distances.  The  common 
gases  are  found  to  be  nearly  completely  dissociated .  The  plasma  is  con- 
sidered  to  be  "optically  thin,"  l.e.,  t  ansparent  In  many  areas  of 
the  spectrum.  Many  new  lines  appear  In  the  spectra  from  forbidden  transi¬ 
tions,  not  usually  observed. 

II  .  EXPERIMENTAL 

Figure  1  shows  aigon  plasma  operating  at  a  plate  power  of  7.5  kW 

or  about  88  kcal/mole,  and  having  an  average  temperature  of  about  IR.OOO^K. 
This  does  not- imply  a  uniformity  of  temperature  within  the  fireball.  Once 
the  plasma  has  been  initiated,  conduction  takes  place  in  tho  outer  skin 
of  the  plasma,  and  this  skin  is  surrounded  by  a  cooler  region  between  It 
and  the  walls  of  the  fused  silica  container.  Tho  gradient  to  the  center 
of  the  plasma  region  may  be  steep  or  flat,  depending  upon  the  turbulence 
in  the  system.  It  is  convenient  to  express  the  energy  in  the  system  in 
terms  of  its  enthalpy.  The  efficiency  for  conversion  of  electrical 
energy  from  the  generator  to  energy  in  the  plasma  is  estlmiited  to  be 
about  45  percent  of  the  plate  power  of  the  oscillator  tube. 

The  power  supply  is  a  variable-frequency  (4  to  15  MHz),  20-kW  Induc¬ 
tion  generator  unit  manufactured  by  the  Forrest  Electronics  Company.  In 
Figure  2,  the  generator  with  accessory  equipment  Is  shown.  A  powder 
feeder  supplies  a  sized  fraction  of  particles  to  the  plasma.  The  melted 
or  vaporized  material  is  then  collected  in  the  lower  part  of  the  apparatus, 
either  by  sedimentation  or  electrostatic  precipitation.  A  final  membrane 
filter  and  exhaust  pump  completes  the  system.  A  diluent  gas  is  added  In 
the  collector  to  lower  the  mean  temperature  in  the  chamber.  Total  flow 


\ 
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through  the  system  Is  fixed  at  51  llters/min.  Since  the  position  of  the 
toi'cli  Is  fixed  1  provision  is  made  for  x,  y  and  z  movement  of  the  collector 
assembly.  In  addition,  the  lower  part  of  the  assembly  Is  hinged  for  ro¬ 
tation  out  of  the  chamber  for  cleaning.  The  electrostatic  precipitator 
is  lined  with  a  0- 12S-mm-thick,  stainless  steel  removable  liner.  A  2S-kV 
half-wave  rectified  power  supply  is  connected  to  the  precipitator.  The 
feeder,  torch,  and  collector  assembly  form  a  closed  sysLum  so  that  the 
environmental  atmosphere  controls  the  degree  of  oxidation  ol  ihc  reaction 
products.  Although  the  gases  are  presently  exhausted,  provi.sion  can  be 
readily  made  to  scavenge  particular  gases  of  Interest.  Tho  reactor  por¬ 
tion  of  the  system  is  sealed  in  chamber  apart  from  the  generator,  utility 
supply  chamber,  and  tho  outside.  Thus,  contamination  would  bo  contained 
in  tho  event  of  rupture  of  the  torch  walls. 

To  obtain  meaningful  results,  it  was  felt  necessary  to  feed  parti¬ 
culate  material  at  a  known  constant  and  reproducible  rate.  A  number  of 
commercial  feed  units  wore  evaluated  and  found  to  be  unsatisfactory  for  the 
purpose.  A  screw-feed  device  was  therefore  designed  by  us  to  deliver 
particles  between  20  and  150  microns  in  diameter  at  a  rate  ranging  from 
1/2  to  2  g/min  (e.g.,  altunina  with  a  true  density  of  3.95).  Up  to  the 
present  time,  feeding  of  fine  powders  in  our  system  has  been  limited  to 
this  size  range.  It  is  also  possible  to  Inject  solutions  and  gases,  such 
as  HjO,  COj  and  SOg ,  into  the  plasma. 

in.  ANALYTICAL  TECHNIQUES 

The  techniques  used  in  characterizing  the  particles  produced  are 
those  used  for  obtaining  particle-size  distributions  and  those  describing 
tho  physico-chemical  nature  of  the  individual  particles,  l.e.,  chemical 
phase,  structure  and  morphology-  Optical  microscopy,  with  both  reflected 
and  transmitted  light,  is  used  to  analyze  the  larger  particles,  l.e., 
those  above  a  few  microns  in  diameter.  To  observe  soheroidlzed  particles 
in  polished  thin  sections,  we  have  experimented  with  the  use  of  soft  glasses 
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I'tt  mounting;.  For  the  suh-nilcron  piiiM  i  ih*'  eloct  roii  mlcroscdiK*  i.s 

To  obtain  the  .size  dl  sti'ibiil  ton ,  o  Zeis.s  purttcle  size  anulyzor 
has  been  used.  Tito  particles,  suitably  d l.spcrsed  on  a  slide,  are  photo¬ 
graphed  and  a  print  l.s  made-  Tlie  size  of  the  individual  ptirtlcles  arc 
matched  with  the  urea  ol  a  circular  spot  ol  light  whose  .size  Is  related 
to  u  particular  channel  In  u  counting  device.  As  each  particle  is  matched, 
a  loot  .switch  actuato.s  u  counter  and  porl'orntps  the  print,  thus  Indicating 
the  particle  has  boon  counted.  This  technique  was  chosen  lor  Its  utility 
to  both  light  and  electron  microscopy. 

The  centrifuge  teclmiquo  as  de.scrlbcd  by  Whltby^^^^  anu  manufactured 
by  the  Minos  Safety  Appllance.s  Co.  l.s  expected  t(3  be  useful  for  conccn- 
ti’ation  purposes  us  well  as  analyses.  Mlero-mcsli  sieves  are  being  used 
for  separations  down  to  5  microns-  Other  techniques,  suc)i  as  x-ray 
diffraction,  radioactive  counting  and  autoradiography,  will  also  be  needed 
as  the  program  develops. 


IV.  RESULTS  AND  DISCUSSION 

Most  of  the  work  thus  far  has  concentrated  on  the  doveloptnont  of  the 
system-torch,  particle  feeder,  and  collector.  In  the  course  of  this  work 
particles  have  been  obtained  in  exploratory  experiments,  but  an  organized 
study  of  their  formation  processes  has  not  boon  started.  Since  aluminum 
oxide  is  readily  obtainable,  much  of  the  work  has  been  done  with  this 
mfiterial.  Other  raatoriuls,  such  as  basalt,  granite,  tuff  and  sands'  mo, 
have  been  passed  through  the  torch.  Results  of  several  ol  those  exp. 
ments  will  be  discussed. 

If  the  residence  time  of  the  particle  in  the  plasma  Is  short  and  the 
particles  are  large,  the  particles  molt  without  appreciable  vaporization. 

The  volume  of  the  resulting  spheres  is  only  slightly  less  than  In  the 
initial  mitorial.  Vaporization  from  the  surface  and  subsequent  condensation 
results  in  the  formation  of  small  spherical  particles  which  are  collected 
in  the  electrostatic  precipitator.  If  smaller  particles  arc  Introduced, 
complete  vaporization  may  take  place. 
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Figure  3  shows  alumina  particles  spheroldlzed  In  an  argon  plasma 
with  an  onthalpy  of  32  kcal/tnole  of  argon.  Initial  polycrystalline 
particles,  averaging  70  microns  In  diameter,  were  fed  at  the  rate  of 
0.4  g/mln.  Of  the  large  particles  recovered,  about  93  percent  were  found 
to  be  spheroldlzed.  This  percentage  is  primarily  a  function  of  torch 
design  and  plasma  heat  content.  It  can  be  nearly  100  percent.  Many  of 
the  resulting  spheres  contained  voids.  Surfaces  show  thermal  etching  as 
well  as  excessive  surface  shrinkage  effects.  Closer  examination  of  the 
particles  shows  several  distinct  types.  Two  crystalline  phases  -  alpha, 
the  hlgh-temporature  form  and  theta,  a  form  usually  associated  as  an 
InteVmcdlatc  phase  -  are  obtained  In  the  dehydration  of  the  hydroxide. 
Three  different  types  of  spheres  have  the  alpha  form;  the  spheres  of  the 
theta  form  have  a  rectilinear  void  structure.  As  collected,  the  particles 
show  a  high  degree  of  strain  and  require  annealing  to  obtain  the  charac¬ 
teristic  indices  of  refraction.  Since  the  crystallites  are  small  and 
polycrystalline,  only  average  optical  values  were  obtained. 

The  particles  shown  In  Figure  3  were  obviously  not  chosen  for  the 
lack  of  defects,  but  to  show  the  character  of  a  specimen  that  is  partic¬ 
ularly  difficult  to  mount  and  manipulate.  In  addition,  the  presence  of 
a  multiphase  reaction  product  Is  also  of  interest. 

Several  rock  types  have  been  crushed  and  fed  through  the  system. 

All  these  particles  ranged  In  diameter  between  70  and  130  microns.  A 
typical  sample  of  basalt  Is  shown  in  Figure  4.  To  bring  out  the  charac¬ 
ter  of  the  .ock  samples,  they  were  photographed  under  crossed  polarizers 
with  a  first-order  red  plate.  The  high  absorption  of  the  ferroraagnesian 
minerals  may  be  observed.  After  the  material  was  passed  through  an  argon 
plasma,  the  resulting  particles  were  nearly  completely  spheroldlzed. 

Figure  5  shows  the  spheres,  as  collected.  The  Individual  grains  have 
melted  and  may  be  separated  for  analysis.  Figure  6  shows  spheres  ob¬ 
tained  from  granite.  Figure  7  shows  spheres  obtained  from  tuff.  Fig^are 
8  Is  the  sample  of  crushed  sandstone  rock  before  spheroldizlng.  The  large 


grains  are  primarily  quartz,  stained  with  iron  and  titanium.  However, 
some  terminated  crystal  clumps  of  calcite  may  also  be  observed.  The  small 
particles  are  fragments  of  the  calcite  broken  up  during  the  sieving  process. 
Spheres  resulting  from  this  material  may  be  seen  in  Figure  9. 

Rocks  containing  phases  with  gaseous  decomposition  products  tend  to 
have  more  hollow  spheres,  as  Is  the  case  with  granite,  tuff  and  sandstone. 
The  shape  and  relative  amount  of  voids  In  the  spheres  differ  appreciably. 

In  experiments  with  alumina,  voids  having  Internal  faces  were  observea . 

For  those  materials  which  crystallize  readily,  such  as  alumina,  the  re¬ 
sulting  spheres  are  crystalline.  In  the  case  of  the  silicate  minerals, 
the  molten  liquids  tend  to  be  more  viscous,  and  glassy  spheres  result. 
Annealing  is  required  to  relieve  the  strains  Introduced  during  cooling. 

Hollow  sphere  formation  has  been  observed  by  others  and  has  been  the 

subject  of  some  discussion.  The  solubility  of  oxides  in  hlgh-temperature 

gases,  viz.,  water  vapor,  has  received  appreciable  concern  in  recent  years, 

but  little  effort  has  been  placed  in  obtaining  an  understanding  of  the 

(11) 

solubility  of  gases  In  liquid  oxides.  Meyer  has  pointed  out  that 
hollow  spheres  are  more  readily  formed  In  high  enthalpic  plasmas  con¬ 
taining  nitrogen.  Particle  porosity  .increased  with  residence  time  in  the 
plasma.  He  has  concluded  that  the  solubility  of  nitrogen  Is  a  chemical 
process  which  reverses  itself  at  lower  temperatures  to  release  nitrogen 
and  Inflates  the  liquid  particles  to  hollow  spheres.  Some  evidence  Is 

also  given  for  excess  aluminum  remaining  in  the  particles.  Diamond  and 

(12) 

Dragoo  have  observed  that  molten  alumina  picks  up  water  and  releases 
It  when  cooled.  However,  these  latter  Investigators  did  net  observe  the 
same  effect  with  other  common  gases,  including  nitrogen.  It  has  also 
been  observed  that  the  presence  of  small  amounts  of  water  in  liquid  sili¬ 
cates  decreases  the  viscosity  of  the  melts. 

The  rate  at  which  various  materials  absorb  heat  In  passing  through 
the  plasma  is  of  Interest  in  obtaining  a  value  for  the  peak  temperature  of 
liquid  particles.  An  important  parameter  is  the  residence  time.  Meyer 


R1 


has  pointed  out  that  with  argon  and  argon/nitrogen  mixtures,  the  case 
of  melting  is  not  related  to  thn  melting  point  of  the  compound,  but  ap¬ 
pears  to  result  from  a  catalytic  recombination  effect  similar  to  that 

(13) 

found  in  the  atomic  hydrogen  torch.  Marynowski,  Halden  and  Farley 
have  also  examined  the  various  methods  of  heat  transfer. 

For  the  material  vaporized  in  the  plasma,  condensation  occurs  with 
the  formation  of  extremely  fine  particles.  For  the  alumina  experiment 
discussed  previously,  the  material  collected  in  the  electrostatic  precip¬ 
itator  appears  as  spherical  particles,  or  nearly  so,  ranging  in  size 
from  0.01  to  0.10  microns.  Figure  10  shows  a  collection  of  such  particles. 
The  particles  occur  in  aggregates  that  may  be  several  microns  in  size. 

Some  of  the  particles  appear  to  have  hexagonal  faces.  The  presence  of 
highly  charged  particles  In  the  atmosphere  of  the  "tail  flame"  of  the 
plasma  provides  ready  nucleation  of  material  from  the  vapor.  X-ray 
diffraction  patterns  indicate  the  material  to  be  alpha  alumina,  which 
is  hexagonal. 

(14) 

Long  and  Tiechner  observed  that  an  interaction  occurred  between 
particles  that  were  passed  through  a  flame  a  second  time  to  obtain  an 
increased  average  particle  size.  In  the  present  work,  this  growth  effect 
has  not  been  observed.  There  appears  to  be  little  interaction  between 
particles  when  they  are  above  say  50  microns,  at  liast  for  the  material 
concentrations  examined. 


V.  SUMMARY 

A  closed  system  in  which  a  radio-frequency  induction  pia?  used 

for  heating  material  introduced  in  particulate  form,  togethet'  vlth  a 
particle  collection  system,  has  been  constructed.  Particles  obtained  from 
the  system  show  some  similarities  with  those  obtained  from  fallout  pro¬ 
duced  from  nuclear  explosions.  Because  of  the  control  which  may  be 
exercised  in  producing  the  particles,  it  is  expected  that  this  experimental 
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approach  will  be  useful  In  understanding  some  chemical  processes  taking 
place  during  the  cooling  of  a  nuclear  fireball. 
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Fig.  3,  Alumina  Spheroldlzed  in  an  Argon  Plasma  with  an  Enthalpy  of  32 
kcal/mole.  Photomicrograph  was  Taken  In  Transmitted  Light  with 
Crossed  Polarizers  Through  a  Thin  Section  (~35^}  Mounted  in 
Glass.  (Magnification  200X) 
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Fig.  5.  Basalt  Particles  Spheroldlzed  in 
mole  Argon.  Photomicrograph  was 
(n  =  1.56),  (Magnification  150x 


Fig.  6.  Granite  Particles  Spheroldlzed  In  an  Argon  Plasma  (64  kcal/ 
moleAi'gon).  Photomicrograph  was  Taken  in  an  Inunorslon  Oil 
(n  s;  1.60)  with  Transmitted  Light.  (Magnll? icoition  IBOX) 


Tuff  Particles  Sphsroidlzed  in  an  Argon  Plasma  (41  kcal/mole 
Argon) .  Photomicrograph  was  Taken  in  an  Immersion  Oil 
(n  =  1.56).  (Magnification  ISOx) 


Sandstone  Particles  Before  Spberoldlzlne;.  Photomicrograph 
was  Taken  Using  an  Immoi-sion  Oil  (n  c  1.56)  with  Transmitted 
Lights  Crossed  Polarizers  and  a  First-Order  Red  Plate. 
(Magnification  ISOx) 


Fig  9  Sandstone  Particles  Spheroidiaed  in  an  Argon  Plasma 

(43  kcal/mole  Argon) .  Photomicrograph  Was  Taken  Using 
an  Inversion  Oil  (n  =  1.56)  with  Transmitted  Light  and 
Green  Filter.  (Magnification  150x) 
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Fig.  10.  Electron  Micrograph  of  Vapor  Deposited  Alumina  Particles 
Collected  on  the  Walls  of  an  Electrostatic  Preclpltor 
after  Vaporization  In  Argon  Plasma.  (Magnification 
106,000x) 
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SOME  ANALYTICAL  METHODS  LEADING  TO  A 
DETERMINATION  OF  THE  APPROXIMATE 
VELOCITY  FIELD  OF  THE  FIREBALL 

J.  W.  McKee 

General  Electric-Tempo 
Santa  Barbara,  California 


ABSTRACT 

The  application  of  Moyal's  method  in  fluid  mechanics  to 
determine  the  velocity  field  of  the  fireball  is  described. 

The  equations  of  chanKc  are  Fourier  transformed  and  the 
momentum  equation  in  wave-vector  space  Is  shown  to  segregate 
into  two  equations  whiclt  may  bo  uncoupled  under  some  con¬ 
ditions.  The  convolution  Integrals  which  arise  from  the  non¬ 
linear  terms  after  Fourier  transformation  are  approximated  by 
the  value  of  the  integrand  which  corresponds  to  non-linear 
coupling  between  the  largest  eddies  and  the  eddies  of  all 
other  sizes.  It  is  shown  that  the  resulting  term  is  respon¬ 
sible  for  translation  of  the  space  coordinates  in  a  manner 
which  depends  on  tho  initial  conditions.  The  translation 
effect  allows  a  convenient  description  of  the  motion  and 
temperature  distribution  in  a  moving  frame  of  reference.  For 
the  case  of  an  initial  velocity  in  the  upward  direction  only, 
tho  translational  velocity  may  be  identified  with  the  rise 
velocity  of  the  fireball. 

A  set  of  initial  conditions  is  used  to  show  the  character 
of  the  solutions  which  may  be  obtained.  The  solutions  are 
examined  and  their  limitations  are  discussed. 
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INTRODUCTION 


The  objective  of  this  paper  is  to  discuss  the  processes  within  the 
fireball  and  cloud  of  a  nuclear  explosion  which  are  important  In  deter¬ 
mining  the  distribution  of  debris,  temperature,  and  velocity.  The 
problem  may  be  approached  from  many  points  of  view,  some  of  which  are: 

(1) 

(2) 

(3) 

<4) 

This  paper  adopts  the  point  of  view  of  Item  3  above  in  which  the 
equations  of  change  are  examined  for  the  information  they  contain,  are 
simplified  and  solved  for  several  cases  which  may  bear  on  the  problem  of 
predicting  fallout.  Throughout  the  analysis  a  series  of  assumptions  is 
invoked  to  continuously  simplify  the  problem  in  a  way  which  may  preserve 
the  main  mechanisms  of  the  dynamics  and  still  allows  solutions  to  be 
obtained  which  display  some  features  of  the  problem. 

(9) 

In  an  important  paper  Moyal  demonstrates  the  methodology  by  which 
two  types  of  velocity  spectra  may  be  segregated.  The  resulting  equations 
are  tractable  if  the  assumption  is  made  that  the  largest  eddies  in  the 
flow  dominate  the  non-linear  terms. 

In  this  paper  the  convolution  integrals  which  arise  from  the  non¬ 
linear  terms  in  the  momentum  equation  are  approximated  by  the  value  of 
the  integrand  which  corresponds  to  non-linear  coupling  between  the  largest 
eddies  and  the  eddies  of  all  other  sizes.  It  is  shown  that  the  resulting 


Correlation  of  test  information  to  develop  empirical  expressions 
for  average  temperature,  rise  velocity  and  fireball  radius. 

Development  of  computer  programs for  the  calculation 
of  fireball  and  cloud  characteristics. 

Simplified  theoretical  studies  of  the  governing  equations  and 
the  associated  concepts  involving,  for  example,  buoyant  effects, 
mixing,  turbulence,  and  diffusion, 

Theoretical  studies  of  the  fundamental  properties  of  turbulence 
starting  with  isotropic  f low. 


99 


term  Is  rusponslblc  fur  translation  of  Ihu  space  coordinates  in  u  manner 
which  depends  on  the  initial  conditions.  The  translation  effect  allows 
u  convenient  description  of  the  motion  and  temperature  distribution  in  a 
moving  frame  of  reference.  For  the  case  of  an  Initial  velocity  which  has 
a  net  momentum  transfer  upward,  the  translational  velocity  may  bo  identi¬ 
fied  with  the  rise  velocity  of  the  fireball. 

(13) 

0.  M.  Phillips  has  shown  that  if  the  not  linear  momentum  of  the 
fluid  is  non-zero  in  a  viscous  fluid  In  the  final  stages  of  decay  of  tur¬ 
bulence,  the  motion  develops  into  a  kind  of  vortex  ring  similar  to  the 
solutions  found  in  this  report.  The  inclusion  of  part  of  the  non-linear 
term  as  carried  out  here  provides  a  translation  of  the  ring  through  the 

fluid  which  depends  on  the  initial  conditions.  The  theory  of  vortex  rings 

(14) 

in  an  inviscid  fluid  due  to  Lamb  and  to  Hill  are  reviewed  by  Turner. 

The  work  reported  here  is  an  extension  of  the  theory  of  turbulence'** 

In  the  final  period  of  decay  to  include  a  translating,  viscous  vortex 
ring.  The  theoretical  description  of  the  viscous  vortex  ring  has  not,  in 
the  past,  included  the  translation  effect.  The  theory  of  the  inviscid 
vortex  ring  has  Included  translation  but  does  not  predict  expansion  of 
the  ring. 

The  plan  of  the  paper  is  ao  follows:  First,  the  equations  of  change 
are  Fourier- transformed  and  the  momentum  equation  linearized.  Second, 
solutions  for  the  velocity  spectra  are  obtained  which  consist  of  the  par¬ 
ticular  integral  which  Includes  the  effect  of  the  buoyant  forces  and  solu¬ 
tions  of  the  homogeneous  equations  which  do  not  include  the  effect  of  the 
buoyant  forces.  The  spectra  of  velocity  are  inverted  back  into  physical 
space  for  selected  initial  conditions.  A  type  of  motion  corresponding  to 
formation  of  a  translating  torus  is  found  to  be  a  special  case  of  a  more 
general  motion. 


*The  use  of  the  word  turbulence  here  is  dependent  on  the  use  of  suffi¬ 
ciently  complex  initial  conditions  that  during  decay  the  flow  appears 
"turbulent . " 
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THE  EQUATIONS  OF  MOTION,  HEAT  TRANSFER 
AND  STATE  IN  PHYSICAL  SPACE 


The  problem  is  specified  In  terms  of  the  conservation  of  mass,  momen¬ 
tum,  energy,  and  the  equation  of  state  using  the  dependent  variables  s, 

TTp,  and  6  where  s  «  inlP/P^,),  =  in^p/p^) ,  $  =  fnCT/Tp)  and  the  veloc¬ 
ity,  V  =  (vj,  Vg,  Vj)  of  the  fluid.  The  subscript  zero  corresponds  to 
any  convenient  time-independent  reference  condition  and  P,  p,  and  T  are 
the  density,  pressure  and  temperature  at  any  point  x'  =  (xj,  x^,  x^)  and 
any  time  t'.  We  specify  a  body  force  per  unit  mass  of  g '  in  the  negative 
Xg  direction. 


m  =  s  +  e  (<3) 

P 

The  summation  convention  is  used  in  these  equations  and  throughout 

this  report.  In  the  order  given,  the  equations  represent  the  conservation 

of  mass,  momentum,  and  energy  and  the  equation  of  state.  The  quantities 

i',  V  are  the  kinematic  viscosity  and  thermal  diffuslvity  of  the  fluid, 

respectively.  The  quantities  a',  Y,  c  are  the  velocity  of  sound,  ratio 

P 

of  specific  heats,  and  the  specific  heat  at  constant  pressure  of  the  fluid, 


I 

I 

i 

! 


1 


i 


I 


rcopc-ct  ivuly .  Thf  ciunntiiy  is  equal  to  unity  if  1  =  3  and  zero 
otherwise.  In  performing  the  following  analysis  wc  make  the  assumption 
that  the  quantities  u,  >),  a',  V  and  are  constant  at  their  values 
corresponding  to  an  average  condition  within  the  fireball. 

In  many  problems  involving  the  late-tlmo  fireball,  with  low  Mach 
number  rise  rate,  the  term  in  braces  on  the  right-hand  side  of  Equa¬ 
tion  (3),  representing  the  effect  of  viscous  lilssipatlon  on  the  temper¬ 
ature,  is  small  compared  to  the  other  terms  and  may  be  disregarded. 

This  does  not  imply  that  viscous  dissipation  is  neglected  Insofar  as  it 
is  the  ultimate  energy  sink  in  the  smallest  eddies.  It  is  simply  not 
considered  to  influence  the  temperature  measurably. 

In  addition,  the  equation  of  state  represents  a  perfect  gas  and  we 
therefore  assume  that  the  effect  of  chemical  reactions  witliin  tlie  fluid 
plays  a  negligible  role.  Tills  contributes  to  inaccuracy  of  the  solutions 
when  the  temperature  is  above,  say  2000°K  at  most  altitudes. 

It  is  implicitly  assumed  in  writing  the  above  equations  that  the 
flow  behaves  according  to  continuum  mechanics. 

Wo  have  also  assumed  that  the  fireball  i.s  small  compared  to  dis¬ 
tances  over  which  the  Earth's  gravitational  field  changes  by  a  signifi¬ 
cant  amount. 

The  late-time  fireball  is  characterized  by  a  relatively  uniform 
pressure  at  a  given  altitude.  This  concept  of  "prcs.sure  equilibrium," 
though  it  is  probably  not  completely  valid,  will  bo  omployed  to  simplify 
the  equation.s.  This  assumption  requires  that  the  pressure  everywhere  in 
the  fireball  is  equal  to  that  which  occurs  in  an  undisturbed  atmosphere. 
This  requires  tljat 


.!!»  =  i  „  !p 

Ox,  Oxj,  ’  Ot 


(5) 
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Lot  bj  be  tlio  t)uo,vnnt  force  i)or  unit  mn.s.s 


whore  T©  is  the  ambient  tempernturo  in  the  vicinity  of  tlie  llroball, 
If  0  is  restricted  to  values  much  loss  than  one,  tlton 


K  <y 


(15) 


If  ir  is  the  scale  height  of  prossuro  in  the  atmosphere,  wo  have 


=  -  i- 

Oxi  H' 


(7) 


If  Equations  (5),  (6)  and  (7)  arc  employed  in  tltc  momentum  and  enorKy 
equations  tiieso  become 


9v, 


■I  «  V  —  f/ 

n  a.  I  ^  j  O 


1  ,  0 


i  j 


=  '"j  3^ 


(8) 
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Va/H' 


(9) 


Equaticnis  (1)  and  (1)  remain  unchanBed.  Equations  (1),  (>1),  (H) 
and  (9)  are  the  basic  set  whicli  will  bo  discussed  In  this  paper. 


103 


> 


THE  NON-DIMENSIONAL  EQUATIONS 
IN  WAVE-VECTOR  SPACE 

Following  the  work  of  Moyal  the  set  of  Equations  (1),  (4),  (S)  and 
(9)  It:  transformed  into  wave-vector  spauo  in  accordance  with  the  follow¬ 
ing  relation 

f  +iir*x' 

v^  =  j  e  dZ^  (10) 

The  quantity  dZ^  is  the  Fourier  spectra  of  the  velocity  in  the  i 
direction.  Similarly,  we  define  formally  the  quantities  dS,  dP,  and  dQ 
as  follows; 


.  =  ^  dP,  e  .  as 

The  integrals  are  taken  over  all  of  wave-vector  space.  We  follow 

(&)  (12) 

the  notation  used  by  Moyal,  and  Batchelor  and  others  where  the 
velocity  spectra  are  shown  as  differentials  and  the  velocities  are  for¬ 
mally  written  as  Stieltjes  Integrals  of  the  spectra.  A  rigorous  analysis 

(15) 

of  this  usage  has  been  published  by  Wiener. 

The  magnitude  of  the  vector  k  =  (kj,  kj,  k3)  can  be  loosely  consid¬ 
ered  as  an  inverse  measure  of  eddy  size  in  the  sense  that  27r/eddy  length 
in  the  1  direction  approximately  equals  k^ .  The  transformation  into 
wave-vector  space  thus  brings  together,  into  a  small  volume  in  this  space, 
all  eddies  in  the  flow  of  a  given  size  and  shape  independent  of  where  they 
may  occur  in  physical  space.  The  largest  eddies  in  the  flow  are  trans¬ 
formed  so  that  they  reside  near  the  origin  in  wave-vector  space,  while 
the  smallest  eddies  occupy  regions  far  from  the  origin  in  that  space. 
Energy  Is  considered  to  start  with  the  largest  eddies  near  the  origin  and 
flows  outward  toward  the  region  occupied  by  the  smallest  eddies  where,  by 
the  action  of  viscosity,  it  is  eventually  dissipated  as  heat.  In  this 
manner  energy  is  removed  from  the  gross  motion  of  the  fluid  as  the  eddies 
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are  reduced  in  size  and  reappear  more  remote  from  the  origin.  This 
process  cannot  continue  Indefinitely  without  supplying  energy  to  the  flow, 
mainly  to  the  largest  eddies.  The  role  of  the  body  force  per  unit  mass 
In  Equation  (2)  Is  to  supply  this  energy  from  the  gravitational  field. 

This  concept  will  be  used  later  in  an  attempt  to  reduce  to  manageable 
form,  the  convolution  integrals  which  will  soon  appear. 

The  transformation  is  straightforward  and  the  approximate  non- 
dimensional  equations  in  wave-vector  space  are 

dS  +  iRek  dZ  =  -IRo/  k’dZ  (k'-k)  dS(k')  (11) 

1^  dZ^  +  k*dZ^  +1  k^kjdZj  =  -iRe/kjdZj(k’-k)dZ^(k'>+gdQ(5i3  (12) 

|^dQ+^k*dQ  =  -iRe/kjdZj<k'-k)dQ(k')-Re(^)^  (13) 

dP  =  dS  +  dQ  (14) 

Adding  Equations  (11)  and  (13)  we  have  a  useful  auxiliary  equation 
r  2  kSdQ  +  iVRekjdZj  =  ^  dZ,  (15) 

To  obtain  Equation  (15)  we  have  made  use  of  Equations  (5)  and  (7) . 

In  these  equations  a  typical  length  in  the  flow,  Tq,  is  taken  as  the 
unit  of  length;  a  typical  velocity,  Vq,  becomes  the  unit  of  velocity. 

The  Reynolds  number.  Re,  is  given  by  t^Vq/v,  The  unit  of  time  becomes 

and  g'  =  groVvoP.  Therefore,  all  quantities  in  the  set  of  equa¬ 
tions  Immediately  above  are  non-dimensional,  including  k  which  is 
measured  in  units  of  1/r^, 
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DECOMPOSITION  OP  THE  VELOCITY 


Moyal  has  shown  that  the  component  of  the  vector  dZ  In  wave-vector 
apace  which  Is  parallel  to  the  vector  it  is  associated  with  compression 
waves  and  random  noise  (Irrotatlonal  flow).  The  components  of  dZ  which 
are  transverse  to  k  are  associated  with  the  eddy  turbulence  (solenoldal 
flow).  In  order  to  segregate  these  two  kinds  of  motion,  following  Moyal, 
we  define  dZj^  as  the  component  of  dZ  along  k  and  dZ^^^  as  the  1th  com¬ 
ponent  of  dZ^^^  a  vector  transverse  tc  it.  This  may  bo  written 

(t)  ^i 

»  dZ,  ^  ~  dZj^  (16) 

Note  that  k.dZ  =  kdZ  and  k.dZ^^^  s  0, 

J  J  k  J  J 

If  we  define  the  quantity  dC^(X)  by 

dC.<X)  =  -lRe/k;dZ.(k'-k)dX.(k’) 

*  J  J  ^ 


then  wo  have 

dC^(X>  =  dcJ*^(X)  +  ^  dCj^(X) 

where  dX  is  any  one  of  the  spectra. 

If  Equation  (16)  Is  substituted  into  Equation  (12)  and  both  sides 
are  multiplied  by  kVk,  the  result  is 

^  dZ.  +4  k*dZ.  =  dC.  (Z)  +  gdQ  kj/k  (17) 

K  J  K  K 

If  Equation  (12)  is  multiplied  by  (6^^  -  k^kj/k*),  the  result  Is 

dZ^^^  +  k*  dzj^^  =  dcJ*^(Z)  +  gdQ(63j-k3k^/k“)  (18) 
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The  quantity  -  k^k^/k*  Is  called  the  projection  operator  and 

has  the  property  of  converting  a  vector  in  k-space  into  components  nor- 

■» 

mal  to  k.  That  is,  if  A  is  a  vector  in  wave  number  space,  the  vector 
is  normal  to  k  when 

Wo  now  have  two  equations  which  result  from  the  original  momentum 
equation.  One  of  those  equations  governs  the  behavior  of  the  spectra  of 
the  irrotatlonal  velocity  [Equation  (17)] ;  the  other  governs  the  behavior 
of  the  spectra  of  solenuldal  velocity  [Equation  (18)]. 

LINEARIZATION  OF  THE  MOMENTUM  EQUATION 

The  non-linear  effects  represented  by  the  convolution  Integrals  will 
be  partially  taken  into  account  by  assuming  that  the  largest  eddies  in 
the  flow  (those  for  which  k  a  0)  are  the  principal  agents  in  the  convec¬ 
tive  process.  It  Is  possible  to  decompose  the  convolution  Integrals  Into 
the  following  form: 

f  <lZ^(k'-k)  dZj(k')  .  /  k^  az^(k'-k)ciz^(k') 

and 

f  k'  dZ^(k'-k)  dZ,(k')k,/k  =  /  k'  dZ  (k'-k)  dZ,(k')kyk 

J  J  J  J 


+  k  dZ  (0)  dZ,  (k) 
e  e  k 


where  we  have  used  the  relations  dZ'  (k)  =  (6  -k.k  /k“)  dZ  (k)  and 

•  ^  J  J 

k,dZ,  a  k  dZ,  . 

11  k 


r 


The  last  term  on  the  right  In  these  equations  represents  the 
non-linear  interaction  of  the  largest  eUclies  with  the  eddies  of  all 
other  sizes  and  is  the  part  of  the  Integral  which  corresponds  to  the 
spl.erlcal  shell  in  wave-vector  space  for  which  k*  *  k.  The  non¬ 
linear  effects  associated  with  the  first  term  on  the  right-hand  side 
are  disregarded  for  the  present  study. 

The  equations  for  the  spectra  of  velocity  become 
1^  dzj’^^  +  k»  dZ^(0)dzJ*^k)  +  gdQ<6i3-k3ki/k“)  (19) 

‘It  I  ^^k  “  •  iRek^  dZ^(0)dZ|^(k)  +  gdQ  k3A  (20) 

The  time  dependence  of  the  quantity  k  dZ  (0)  Is  found  by  letting 

6  G 

k  “  0  in  the  above  equations 

1^  dzJ*\o)  =  gdQ(O)  ,  1  =  1,  2  j  1^  dzJ^^O)  «  0 
1^  dZj^(O)  =  gdQ<0) 

The  equations  Immediately  above  may  be  Integrated  to  give 

t 

dzJ^^O.t)  =  dzj^^(0,0)  +  (1-613)  g^ldQ(0,t)]dt 

t 

dZj^(0,t)  =  dZj^(0,0)  +  g^[dQ(0,t)ldt 

This  shows  the  Increased  spectral  component  corresponding  to  the 
largest  eddies  caused  by  the  buoyant  forces. 


The  resulting  equations  for  the  spectra  of  the  solenoldal  velocity 

nre  linear  (the  relation  k  dZ  s  kdZ  has  been  used  again). 

6  G  K 

+  [k»  +  IRek  dZj^(0,0))dzJ‘^  a  gdQ(dij-kaki/k»)  (21) 


The  equation  for  the  spectra  of  the  irrotatlonel  velocity  is  Identical 
except  that  the  term  k^  is  replaced  by  4k’ /3  and  the  projection  operator 
is  replaced  by  kj/k. 

The  solutions  for  the  homogeneous  equations  are 


dZ^^^(k,t)  =  dZ^^^<k,0)e“^*%xpl-lRek  dZj^(0,0)tl 


(22) 


dZ.  (k,t)  «  dZ  (k,0)e"^^*‘expl-iRek  dZ.(0,0)t) 


(23) 


Note  that  dZ^*^(k,0)  =  (d^j-k^kj/k*)dZj(k,0),  and  k  dZj^(k,0)  »  k^dZ^ 

(k,0). 

The  velocity  spectra  obtained  from  the  homogeneous  equations  are, 
from  Equation  (16) 


jr/(t) 


dZ^<k,  t)  =  dZ^''‘'(k,t)  +  (k^/k)dZj^(k,t) 


=  dZj(k,0)  exp[-iRokj  dZj(0,0)t] 


-k’t  -fk’t 

(6.  .k’-kk.)  ~  +  k  k  ---- 

ij  1  j  )<»  1  j 


(24) 


The  first  factor  Involving  the  exponential  translates  the  resulting 

Inversion  In  physical  space  so  that  each  x^  Is  replaced  by  x  -RedZ  (0, 0)t. 

J  J  J 

The  coordinate  system  In  which  the  motion  is  most  conveniently  described 


109 


Is  ono  which  is  moving  with  non-dimensional  velocity  dZ^(0,0>  in  each  of 

the  X  directions.  The  factors  6. ,k*-k.k  and  k . k  become  differential 
J  ^  J  ^‘^1.2*- 

operators  on  the  inverse  of  the  functions  dZ  (k,0)e“^  '^/k*  and 

dZj(k|0)e  *  /k* .  As  will  be  shown  later,  for  certain  initial  con¬ 

ditions,  the  differential  operators  cause  vortex  and  torus  (or  "smoke 
ring")  formation. 

If  Equations  (13)  and  (15)  are  combined,  the  energy  equation 
becomes^ 


I-  dQ  +  r  k*  dQ  =  -IRok,  dZ  JO, 0)dQ-i  (Y-l)Rck,  dZ,  (25) 
9t  i'  J  J  .1  ,) 


with  solution 


z 

dQ(k,t)  =  exp  (-iVt  -  k»t)  dQ(k,0)-i(Y-l)Re^  kjdZj(k,t') 
exp  [+iVt'  +  Y  ^  k“t']  dt' 


where  wo  have  defined  V  by 


V  =  Rekj  dZj<0,0) 


From  Equation  (24)  with  the  translating  term  as  a  factor  we  have 

-lk*t 

k^dZj(k,t)  =  kjdZj(k,0)e  *  exp(-iVt) 


♦Attempts  to  solve  the  continuity  equation  for  density  yielded  integrals 
which  could  not  be  evaluated  analytically. 
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so  that 


-Y“k®t  (y-l)Rek  dZ  (k,0) 
dQ(k,t)  =  exp(-iVt)  dQ(k,0)e  -1  - 

•  [oxp  (-  I  k^t)  -  exp  (-  Y  ^  k'-'t)]  (26) 

To  Insure  compatible  Initial  conditions  of  velocity  and  tomper-iture 
we  use  Equation  (15)  In  the  form 


dQ(k,0) 


_  1725  dZ  (k,0) 
li  ui  "  J  J 

P  **  L 


substituting  Into  Equation  (26)  we  have  for  the  spectrum  of  the  temper¬ 
ature  function 


p  l(Y-l)k 

dQ(k,t)  =  RedZj(k,0)  exp<-lVt)  ^  -  IPrk^  +  Tj; - ^ 

(pr  '  3 


Pr  i(Y-l)k,  -§kH 
_  e 

"  fZTT  iN  k» 

\Pr  3/ 


where  Pr  =  v/T],  the  Prandtl  number. 

Again,  the  term  exp(-lVt)  indicates  that  a  moving  coordinate  system 
is  tho  convenient  frame  of  reference  for  a  description  of  the  temperature. 

This  will  be  inverted  In  a  later  section  for  a  specific  Initial 
velocity  distribution. 

The  density  function  may  be  found  directly  from  the  temperature 
function  and  the  equatlo.i  of  state. 


The  solution  of  thu  homogeneous  equations  corresponds  to  the  case 
where  the  buoyant  force  term  and  the  non-linear  convective  terms  have 
decayed  to  small  values.  This  is  characteristic  of  very  late- time 
conditions. 

At  earlier  times  when  the  buoyant  force  term  is  important,  the 
momentum  and  energy  equations  are  coupled  through  this  term  as  well  as 
through  the  non-linear  convective  terms  (which  cause  "dilution")  and  the 
terms  which  correspond  to  adiabatic  expansion. 

The  non-linear  term  causes  reduction  of  the  temperature  by  con¬ 
vection  of  cooler  air  into  the  fireball  which  dilutes  the  hot  air  in  the 
original  x-ray  fireball,  Studios  of  photographs  indicate  that  this  air 
enters  the  fireball  predominately  at  the  bottom.  This  term  can  be 
treated  approximately  by  first  considering  that  only  velocities  in  the 
upward  direction  convect  significant  amounts  of  air  into  the  fireball. 
The  non-linear  term  is  approximated  by  the  following  relation 


where  v  is  the  fireball  rise  velocity,  A  is  the  fraction  of  the  rise 
R 

velocity  which  is  effective  in  convecting  cooler  air  into  the  fireball, 
and  0  is  the  change  in  6  over  a  distance  Tq,  When  the  convolution  Inte¬ 
gral  in  Equation  (13)  is  replaced  and  the  other  approximations  are  made, 
we  have 


I-  dQ  +  2  k*dQ  +  Re  A  V  dQ  =  -Re  c  dZ.  (29) 

Ot  p  R  * 

The  linear  set  of  equations  which  describe  the  case  when  buoyant 
forces  are  Important  are 

[ft  +  dZg(0,0)]  dzj’'^  =  g  dQCPia)  (30) 
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[1^  +  I  k*  +  IRekg  dZ^(0,0)]  dZj^  =  g  dQ  ^  (31) 

[|j  +  J  k“  +  Re  \  VgjdQ  ««  -Re  c  dZj  (32) 

where 

Y-1 

C  o 

VH 

The  rise  velocity  is  assumed  to  bo  constant  during  this  phase  of  the 
motion  which  ngroos  with  a  large  body  of  experimental  data. 

These  equations  may  be  solved  by  the  methods  described  In  Appendix  A 
of  Reference  6, 


QUANTITATIVE  FEATURES  OF  THE  SOLUTIONS 
SOLUTIONS  FOR  THE  VERY  LATE-TIME  MOTION  AND  TEMPERATURE 
Selection  of  Initial  Conditions 

We  assume  that  the  Initial  motion  can  be  represented  by  a  single 
component  of  velocity  in  the  z  (or  xj)  direction.  The  upward  initial 
velocity  is  assumed  to  follow  a  Gaussian  distribution  so  that'  the  initial 
conditions  are 

V3(x,0)  =  Vjo  e”*'  ,  v,(x,0)  v,(x,0)  »  0  (33) 

where  V30  is  the  upward  velocity  at  the  contor  and  b  is  a  parameter 
govei'nlng  the  rate  at  which  the  velocity  reduces  toward  the  edge  of  the 
fireball.  The  origin  of  the  stationary  coordinate  system  now  requires 
definition  and  is  taken  at  the  center  of  the  fireball  at  t  =  0,  The 


113 


quantities  r  and  b  are  non-dlmenalonal,*  When  r  =  2v^  the  velocity  has 
dropped  by  a  factor  of  e  below  its  value  at  the  center  of  the  fireball. 
Transformation  of  the  Initial  conditions  gives 


dZa(k,0)  - 


dZa(0,0) 


(ff) 


b\»/»  -k»b 
e 


b\»/» 


'so 


(34) 

(36) 


The  Velocity  Field 

The  inversion  of  Equation  (24)  with  the  initial  conditions  apociflod 
above  in  a  frame  of  reference  moving  upward  with  non-dlmonslonnl  velocity 
Vao(bA)*^*  1»  (soe  Appendix  C,  Ref,  6) 


erf 


zVt+iT 


““  1  r 


“  erf 


(36) 


The  moving  frame  of  reference  is  introduced  as  a  convenience  result¬ 
ing  from  the  factor  uxp[ -lRok^clZ^(0,0)]  In  the  original  transform  of  the 
velocity.  The  velocity  Itself  la  measured  relative  to  o  stationary 
observer  since  the  effect  of  the  exponential  factor  is  .simply  to  replace 
*1  ’'i  "  evaluating  the  magnitude  of  the  velocity.  An 

observer  on  the  moving  coordinate  system  will  measure  an  upward  velocity 
which  is  los.s  then  the  value  given  by  Equation  (38)  by  an  amount 
va  . 


“Normally  wo  will  choose  b  =  1/4  so  that  the  velocity  has  reduced  by  a 
factor  e  when  r  =  1. 
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Porforming  the  differentiation  the  velocity  in  th«;  x^(i  =  1,2) 
direction  is 

v^(x.t)  -  2V7v,o^  [T(f^)  -  t(^)]  (37) 

whore 


T(u)  a  u*  erf"  u  -  3u  erf’  u  +  3  erf  u 


2^ 


2V4  t/3+b 


B  B 

—  erf  u  a  erf '  u  ,  -r-  erf '  u  =  erf '  '  u 
i)u  t)u 


The  radial  velocity  in  any  horizontal  plane  la  given  by 


Vp  =  (Vi*  +  Va*) */* 


where 


The  velocity  in  the  Xj 
VjCx,  t)  =  -2/ir 


=  (xi®  +  Xa* ) 


direction  is 


h  ih)  *  “  (y] 


‘'3  0 


3/3 


(39) 
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S(u)  =  u  erf  u  -  erf  u 

The  functions  T(u)  and  S(u)  are  displayed  vs  u  in  Table  1.  Note 
that  as  t  0,  "*■  ’’’g  =  T,  and  we  have 


Vi(x,0)  =  Vj  (x,  0)  =  0  ,  t  0 


v, (x, 0) 


=  -2v^  v,.  b'*/* 


^3  0  7*7  erf  "  -  ,  t  -  0 


The  derivatives  of  the  error  function  are 


erf '  u  = 


2  -u* 


erf  '  '  u  = 


4u  -u® 


yielding 


V3<X,0)  =  Vj 


-r®/4b 


The  initial  conditions  have  been  recovered  at  t  =  0. 

The  horizontal  radial  velocity  Vp  given  by  Equation  (38)  is  seen 
to  change  signs  as  we  move  from  above  to  below  the  origin  of  the  moving 
coordinate  system,.  It  is  zero  on  the  vertical  axis  and  on  the  horizontal 
plane  through  the  moving  origin.  It  rapidly  approaches  zero  as  r  -*  «  . 

The  vertical  velocity  has  a  more  complex  dependence  on  time  and  the 
space  coordinates.  In  the  moving  frame  of  reference  it  is  symmetrical 
about  the  plane  Xg  =  0,  positive  near  the  vertical  axis,  and  negative 
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far  from  the  axis  for  small  values  of  time.  As  time  increases  It 
reduces  In  value  near  the  vertical  axis  and  increases  at  values  of  P 
which  are  increasingly  large. 


Table  1. 


Numerical  Values  of  the  Functions  S 


T(U) 


S(U) 


C.l 

3.84171 

10“  ® 

46049 

10" 

0.2 

2.74908 

10"^ 

V  -5.87369 

10“ 

0.3 

2.05179 

10"® 

-1.92466 

10" 

0.4 

8.24533 

10"® 

-4.37742 

10" 

0.5 

2.36258 

10-2 

-8.11072 

10“ 

0.6 

5.44369 

10-® 

-0.131509 

0.7 

0.107608 

-0.193908 

0.8 

0.189068 

-0.266111 

0.9 

0,303536 

-0.345136 

1.0 

0.452562 

-0.427592 

1.1 

0.634522 

-0.510077 

1.2 

0.844559 

-0.5895 

1.4 

1.31703 

-0.729767 

1.6 

1.79576 

-0.836782 

1.8 

2 ,21318 

-0.909545 

2.0 

2 .53129 

-0.953988 

2.2 

2.74552 

-0.978508 

2.4 

2.87403 

-0.990778 

2.6 

2.94311 

-0.996363 

2,8 

2.97654 

-0.998681 

3.0 

2.99116 

-0.99956 

3.5 

3.000 

- 1 . 000 

Temperature  Distribution 

If  we  continue  to  employ  an  initial  upward  velocity  which  is  a 
Gaussian  distribution  in  space  about  the  center  of  the  early  fireball, 
the  temperature  spectra  is  given  by 
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r Pr  i(7-l)k3 

dQ(k,t)  =  Ro  V3o(b/7r)  cxp(-i  Vt)  -  i  Pr  kg  +  pp - ^ 

VPr  "  3/ 


-(h  **'■)' 


i(Y-l)ka 
\Pr/  3 


■(I 


whore  Pr  =  p/V,  the  Prandtl  number (S 0.7  for  air),  Tho  factor  exp(-iVt) 
translates  the  resulting  inversion  so  that  Xa  is  replaced  by 
X3  -  Re  cl/ijCOiO)!  and  again  the  coordinate  system  offering  tho  greatest 
utility  is  one  moving  upward  with  uniform  non-dimensional  velocity 
Re  dZa(0,0)  =  Re  V3  o(b/7r)  .  If  the  spectra  of  temperature  is  inverted 

and  expressed  in  this  system  the  result  is  (Appendix  C,  Ref,  6) 


=  S\fir  V3  0 


4Pr 

^  1  erf  -i- 

o/'>'  ^  -  i  9^3 

Pr  3 


1  , 
—  erf 
r 


A  erf 


V  I  Pr  "  3 


I - 1  ^^3  I  r  2V4t/3+b 


Performing  the  differentiation  yields 


=  S/F  V30  b®/''  Re  ^  erf  ^  - 


(1.  -  i) 

VPr  3} 


(‘  -  '-¥)  “(f)  * 


where 


T 

A 


T 

B 


and,  as  before, 


S(u) 


u  erf '  u  -  erf  u 


If  we  let  b  =  1/4,  the  length  scale  is  established  such  that  the 
initial  velocity  drops  by  a  factor  o  at  a  distance  ro  from  the  ■-.liter 
of  the  fireball. 

To  establish  the  velocity  scale,  let  t  =  0,  r  ->•  0  and  note  that 
erf  X  -•  2x/'fn  ,  x  small.  This  yields 


e 


V30  BePr 


from  Equation  (42)  for  b  =  1/4.  Define  as  the  value  of  6  at  t  =  0, 
r  =  0  (at  the  center  of  the  fireball)  so  that 

2v3o  RePr 
^oc  ~  7H 

Substituting  into  Equation  (42)  to  remove  the  Reynolds  number, 
velocity  product 
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Along  the  horizontal  tnidplano  Xj  =  0  the  temperature  function  Is 


where  we  have  taken  7  =  1,4,  Pr  =  0.7  and  =  (xj®  + 

For  small  values  of  P/2V2t+l/4  the  temperature  for  Xg  =  0  Is 

e  s  eog/2V2t+l/4 

A 

Klving  (using  o  =  T/Tq) 


1 


Note  that  T^'  Is  the  temperature  of  the  ambient  atmosphere. 

MOTION  IN  A  VISCOUS,  TRANSLATING  VORTEX  RING 

(13) 

Consider  the  motion  found  by  Phillips  for  an  incompressible 
viscous  vortex  ring  which  is  caused  to  translate  by  the  non-linear 
inertia  terms  as  discussed  in  the  preceding  sections.  His  results  are 
for  a  stationary  ring  and  an  Incompressible  fluid.  They  can  be  obtained 
from  the  results  found  here  by  dropping  those  parts  of  the  solutions 
involving  (r/jg)  in  Equation  (38).  We  shall  retain  the  translating  term 
in  the  spectra  although  it  does  not  enter  explicitly  into  the  results 
for  velocity;  it  is  simply  understood  that  the  coordinates  are  measured 
from  a  moving  frame  of  reference.  We  find  for  the  moving  torus 

v^  =  2VT  V30  b®/*  ~  T  (44) 
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where 


Tj  =  zVtVb 

Using  Table  1  for  the  values  of  the  functions  T  and  S  we  find  that 

the  development  of  the  torus  with  time  Is  as  shown  in  Flgur ;  1.  The 

upward  velocity  in  the  plane  X3  =  1  nd  the  radial  velocity  in  the  plane 

X3  =  1  are  shown.  The  point  P  £s  1..,.;  is  the  smallest  value  of  P  for 

which  the  velocity  is  downward.  The  radial  motion  of  this  point  at  which 

tile  velocity  is  downward  varies  as  P  =  2Vt+b  and  the  torus  appears  to  be 

( 13  ) 

developed  by  the  time  t  0,1.  The  streamlines  for  this  motion  are 
circles  centered  on  the  P  axis  at  increasingly  larger  values  of  P  as  time 
Increases . 

If  Initial  conditions  are  chosen  so  that  the  fireball  is  initially 
expanding  then  a  component  of  Irrotational  velocity  is  Introduced.  The 
motion  then  has  streamlines  which  are  spirals  and  the  debris  will  tend 
to  be  concentrated  in  the  torus. 


DISCUSSION 

The  velocity  and  temperature  distributions  and  their  spectra 
obtained  in  the  previous  sections  result  from  an  extension  of  the  theory 
of  turbulence  for  the  final  period  of  decay.  The  extension  is  brought 
into  the  theory  by  Including  that  part  of  the  non-linear  terms  which 
corresponds  to  coupling  of  the  largest  eddies  with  eddies  of  all  other 
sizes.  The  resulting  linearization,  which  is  carried  out  in  wave-vector 
space,  has  the  effect  of  translating  the  space  coordinates  in  the  pre¬ 
scription  of  the  velocity  and  temperature  in  a  wave-like  manner  depending 
upon  the  velocity  of  the  largest  eddies  in  the  initial  motion.  The 
resulting  translational  velocity  is  to  be  identified  with  the  rise 
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velocity  ol  till!  fircnaii  ii  the  Initial  motion  has  only  an  upward 
component.  A  convonlont  coordinate  system  for  describing  the  motion  and 
temperature  in  the  case  of  more  general  Initial  conditions  is  one  which 
is  moving  in  the  direction  of  the  velocity  of  the  largest  eddies  in  the 
initial  motion. 

The  principal  limitations  of  the  solutions  found  in  tills  paper  may 
be  summarized  as  follows: 

1.  The  influence  of  the  non-linear  terms  is  only  partially 
included.  This  does  not  allow  the  convective  processes  to 
exert  sufficient  influence,  particularly  on  the  temporatura 
distribution.  For  very  Into-tlme  motion  the  error  introduced 
by  linearization  may  be  small,  however. 

2.  When  the  buoyant  force  term  is  included  the  spectra  become 
difficult  to  Fourier  transform  because  of  the  complicated 
integrals  involved. 

3.  The  assumption  of  constant  kinematic  viscosity  is  a  limiting 
faccor  except  at  very  late  times. 

The  form  of  the  solutions  obtained  in  this  report  have  suggested  an 
approach  to  the  problem  of  fireball  mixing  involving  the  use  of  Hermite 
functions.  Employing  a  Gaussian  distribution  of  upward  velocity  as  the 
initial  condition,  the  solutions  found  are  expressed  in  terms  of  the 
error  function  and  il^  dorlvatlvea.  Those  derivatives,  as  well  as  the 
initial  conditions,  !ua\  be  written  as  Hermite  functions  which  have 
several  properties  wli  cti  may  be  useful  in  obtaining  solutions  of  the 
fundamental  equations.  ’  For  example,  the  Fourier  transform  of  a 
Hermite  function  is  also  a  Hermite  function,  convolution  integrals  in¬ 
volving  Hermite  functions  may  be  performed  analytically,  a  series  of 
Hermite  functions  is  capable  of  expressing  a  wide  range  of  generalized 
functions . 

Another  alternative  approach  and  one  which  is  usually  employed  in 
tho  general  theory  is  to  determine  relationships  among  the  various 
statistical  features  of  the  dynamics,  such  as  correlation  coefficients, 
but  to  include  better  approximations  to  the  governing  equations.  Since 
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no  dli’oct  data  exist  on  correlation  cool'llcient  s  wlihiii  the  fireball, 
the  spectra  of  velocity  and  tomporaturo  wore  felt  to  be  more  useful  for 
our  purpose. 
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LIST  OF  SYMBOLS 


a  velocity  oi  sound 

a(k)  =  k®  +  I  Re  K  dZ,  (0.0) 

k 

b  initial  condition  index 

g  acceleration  oi  gravity 

y  ratio  of  specific  heats 

H  scale  height  in  the  atmosphere 

1  .  vrr 

k  Fourier  mode  index  (modulus  of  wave  vector) 

1)  thermal  diffuslvlty 

K  entrainment  parameter 

u  kinematic  viscosity 

p  pressure 

Pr  Prandtl  number 

TT  pressure  function  (=  in  p/p_) 

P  ” 

r  radial  coordinate  in  spherical  system  or  typical  length 

Re  Reynold's  number 

P  density  or  radial  coordinate  in  cylindrical  system 

dQ  Fourier  transform  of  temperature  function 

dS  Fourier  transform  of  density  function 

s  density  function  (=  fn  P/Pq) 

T  absolute  temperature 
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t 


timi; 


0  tomporuluro  function  (=  in  T/T^,) 

Vj  1-lh  component  of  velocity 

Xj  space  coordinate  In  roctanKular  system 

dZj^  Fourier  , spectra  of  1-tli  component  of  velocity 

Subscripts 

AD  denotes  adiabatic  expansion 

D  denotes  dilution 

k  denotes  component  of  the  spectra  of  velocity  along  the  wave 

vector  k 

0  denotes  reference  conditions  far  from  the  fireljall,  initial 

conditions  or  denotes  typical  values  of  velocity  and  length 
in  the  flow  field 

oc  denotes  conditions  at  fireball  center  at  t  =  0 

i  denotes  vector  component  (i  =1,  2,  3) 

p  denotes  particular  integral 

s  denotes  stabilization  time 

Superscripts 

prime  denotes  dimensional  variable 

(t)  '  denotes  part  of  velociiy  spectra  transverse  to  wave  vector 
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THE  ENERGY  CYCLE  AND  THE  ENERGY 
CASCADE  OF  THE  ATOMIC  CLOUD*" 

I .  0 .  Huebsch 

U.S.  Naval  Radiological  Defense  Laboratory 
San  Franclscoi  California 


ABSTRACT 


The  difficulties  of  calculating  fluid  motion  and  parti¬ 
cle  trajectories  in  the  atomic  cloud  are  so  great  that  we 
resign  ourselves  to  a  parcel-model  description  of  the  cloud. 
Such  a  model  specifies  only  average  values  of  cloud  tempera¬ 
ture,  rate  of  rise,  turbulence  intensity,  particle  concentra¬ 
tion,  etc.,  as  functions  of  time. 

In  the  present  atomic  cloud  model, 

(1)  Turbulent  energy  is  produced  from  kinetic  energy 
of  rise  by 

(a)  Eddy-viscous  drag, 

(b)  Inelastic-collision,  momentum-conserving 
entrainment  of  ambient  air. 

(2)  Turbulent  energy  Is  dissipated  to  heat  at  a  rate 
independent  of  fluid  viscosity 

The  model  can  be  represented  as  an  energy  cycle  between 
kinetic  energy  of  rise,  turbulent  kinetic  energy,  enthalpy 
and  potential  energy. 

Various  results  now  follow  from  the  cloud  model  and 
turbulent  similarity  theory. 

The  energy  associated  with  any  eddy  size  in  the  turbu¬ 
lent  energy  cascade  can  be  specified. 

If  toroidal  circulation  is  to  be  represented  by  a  classi¬ 
cal  vortex  ring  superimposed  on  the  parcel-model  cloud,  the 
vortex  ring  cen  be  considered  tho  largest  eddy  in  the  turbu¬ 
lent  spectrum,  containing  a  fixed  fraction  of  the  turbulent 
energy . 


*Thls  work  was  sponsored  by  the  Defense  Atomic  Support  Agency 


Allernatoly,  the  cloud  circulation,  as  a  function  of 
time,  can  bo  calculated  directly  from  the  model  adapting 
Kelvin's  theorem.  This  calculation  does  not  require  the 
superimposed  vortex.  The  resulting  estimates  of  the  circu¬ 
lation  are  obtained  without  recourse  to,  but  are  in  general 
agreement  with,  measurements  of  atomic  cloud  films. 

Attempts  have  been  made  to  calculate  the  effect  of 
toroidal  circulation  on  particle  dispersion  from  the  cloud 
using  laminar  flow  methods.  This  dispersion  can  instead  be 
represented  an  due  to  turbulent  diffusion,  using  the  calcu¬ 
lated  dissipation  rate  as  the  governing  parameter.  Diffusion 
coefficients  and  concentration  gradients  are  derived  from 
turbulent  similarity  theory.  The  resulting  dispersion  rate 
is  shown  to  be  small  compared  with  that  due  to  gravitational 
fallout  rate  Indicating  that  dispersion  induced  by  circulation 
or  turbulence  can  bo  ignored. 
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1 .  INTRODtX:TION 


1.1  Background 

One  of  the  striking  features  of  nuclear  explosions  Is  the  vortex 
ring  and/or  "toroidal  circulation"  in  the  rising,  intensely  turbulent 
atomic  cloud.  It  has  been  suggested  that  particles  of  different  sizes 
in  the  cloud  follow  the  motion  of  the  fluid  circulation  to  different 
extents,  so  that  the  circulation  influences  the  dispersion  of  particles 
from  the  cloud  (by  a  sort  of  centrifuging  process)  and  thus  the  distri¬ 
bution  of  radioactive  fallout  in  the  air  and  on  the  ground.  Calculation 
of  the  fluid  motion  and  of  the  particle  trajectories  by  classical  hydro- 
dynamic  methods  present.s  both  theoretical  and  computational  difficulties, 
not  yet  overcome.  These  difficulties  arise  largely  from  the  turbulent 
character  of  the  flow  in  and  around  the  cloud. 

1.2  Objectives 

The  purposes  of  this  paper  are 

1.  To  present  a  revision  of  a  previously  published^^^  ontraining- 
parcel  model  of  the  atomic  cloud,  allowing,  as  before,  for  transfer  of 
kinetic  energy  of  cloud  rise  to  turbulence  by  eddy-viscosity,  and  also 
for 

(a)  additional  transfer  of  kinetic  energy  of  rise  to  turbu¬ 
lence  by  the  inelastic-collision,  momentiim-conserving 
entrainment  process,  so  that  total  energy  is  conserved, 
and 

(b)  transfer  of  energy  from  turbulence  to  heat. 

2.  To  discuss  the  energy  cycle  of  the  atomic  cloud  which  is 
implicit  in  this  model . 
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3.  To  discuss  attempts  to  superlmposo  a  classical  vortex  moiiun  on 
a  parcel-method  cloud,  and  to  show  how  such  attempts  can  at  least  be 
made  consistent  with  the  energy  balance  of  the  cloud,  and  how  cloud  cir¬ 
culation  can  be  estimated  without  use  of  the  superimposed  vortex. 

4.  To  show  how  the  particle-dispersive  effect  attributed  to  fluid 
circulation  can  be  represented  as  due  to  turbulent  diffusion  consistent 
with  the  parcel  method,  and  to  estimate  the  relative  importance  of  dif¬ 
fusive  and  gravitational  dispersion  of  particles  from  the  cloud. 

13  Approach 

The  principal  tool  used  iii  the  present  .study  is  the  revised  ver- 
(2) 

slon  of  the  entraining-parcel  model  of  the  atomic  cloud.  This  model 
was  originally  developed  for  water-surface  bursts  but  is  also  applicable 
to  air  bursts,  since  in  both  cases,  the  mass  fraction  of  condensed 
matter  is  small.  The  model  can  further  be  applied  to  land-surface  bursts 
provided  the  mass  and  sl2so  distribution  of  condensed  matter  at  start  of 
cloud  rise  arc  spocilled. 

The  present  development  of  the  original  model  is  largely  inspired 

by  turbulence  theory,  especially  by  the  concept  of  the  energy  cascade 

(3) 

and  the  theory  of  local  similarity,  or  similarity  of  small  eddies. 
Therefore,  the  relevant  parts  of  turbulence  theory  are  reviewed  in  this 
report  (Sec,  3), 


2.  MODELS  OF  THE  ATOMIC  CLOUD 

Calculations  of  the  behavior  of  the  atomic  cloud  have  been  made  by 
a  number  of  investigators  using  different  approaches,  often  patterned 
after  studies  of  cumulus  clouds  or  of  the  rise  of  hot  gases  from  fires 
and  factory  chimneys. 
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possible  models  of  cluud  behavior  con  be  divided  Into  those  using 
(1)  local  methods  and  (2)  parcel  methods. 

2,1  Local  Methods 

In  a  "local"  method,  the  flow  conditions  in  the  cloud  and  surrounding 

atmosphere  are  described  by  a  set  of  partial  differential  equations 

(Navier-Stokes  equations)  giving  local  values  of  velocity,  temperature, 

etc.,  as  functions  of  time.  For  numerical  computation,  the  partial 

differential  equations  are  replaced  by  a  set  of  ordinary  differential 

equations  at  each  point  of  a  grid  or  mesh  of  points  covering  the  flow 

(5  6 ) 

region.  Some  beginnings  using  this  treatment  hove  been  made  ’  for 
developing  cumulus  clouds,  making  the  assumption  that  temperature  dif¬ 
ferences  between  cloud  and  atmosphere  are  small  relative  to  absolute 
temperature,  and  using  an  eddy  viscosity  in  the  Navier-Stokes  equations. 
The  values  of  velocity,  etc.,  computed  represent  time  averages,  not  the 
instantaneous  values  which  are  subject  to  turbulent  fluctuations. 

Eddy-viscosity  is  needed  in  the  equations  used  for  computation  be¬ 
cause  molecular  viscosity  (ordinary  viscosity)  operates  to  convert  the 
energy  of  only  the  smallest  eddies  of  a  turbulent  flow  into  heat.  It  can 
be  shown  (see  for  instance,  Section  3.1.5)  that  the  ratio  of  the  size  of 
the  smallest  eddies,  to  the  overall  flow  dimensions,  £,  for  one- 

dlmenslonal  flow,  is 


\ 

J 


o 


Be-®/'* 


wh-.-re  Re  is  the  Reynolds  number  of  the  flow.  Such  a  flow  could  be 
pictured  as  containing  a  row  of  i/Aj,  such  eddies,  (on  which  are  super¬ 
imposed  larger  eddies)  and  so  having  Re*/*  degrees  of  freedom.  Then  the 
mesh  for  a  two-dimensional  calculation  must  have  Re*/®  points,  so  that 
numerical  computation  is  out  of  the  question  when  Re  is  large.  The  eddy 
viscosity  is  used  to  blur  together  small  eddies,  and  thus  reduce  the 
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number  nf  dogreos  of  freedom  of  the  flow  problem,  and  the  required  number 
of  mesh  points,  to  where  numerical  computation  is  possible. 

No  local-method  computation  has  yet  been  carried  out  for  atomic 
clouds.  Even  for  cumulus  clouds,  the  original  two-dimensional  array  of 
mesh  points  (in  an  axisymmetric  finite-difference  calculation)  is  rapidly 
distorted.  For  atomic  clouds,  this  distortion  would  be  accompanied  by 
extreme  temperature  gradients,  so  that  heat  conduction  could  not  be 
neglected.  Presumably,  an  eddy  conductivity  would  be  required  as  well  as 
eddy  viscosity.  Altogether,  one  Is  inclined  to  question  the  use  of  eddy 
transport  coefficients,  to  calculate  mean  local  conditions  at  the  ex¬ 
tremely  high  Reynolds  numbers  (~10'®)  of  these  intensely  turbulent  flows. 
In  any  case,  the  attempt  has  not  yet  been  made, 

2.2  Parcel  Methods 

In  a  parcel  method,  the  cloud  Is  treated  as  a  whole,  ns  If  all  parts 
of  it  had  the  same  properties.  Temperature,  velocity,  etc,,  are  repre¬ 
sented  by  average  values  for  the  whole  cloud.  Pressure  is  taken  as  equal 
to  ambient  pressure  at  the  altitude  of  the  center  of  the  cloud.  Thus  a 
parcel  method  is  a  simple,  cheap  substitute  for  a  local  method.  But  it 
is  far  more  amenable  to  numerical  computation.  And  with  a  few  enlightened 
assumptions,  a  parcel  method  can  give  a  wide  variety  of  information,  in¬ 
cluding  an  estimate  of  particle  dispersion  by  toroidal  circulation  (simu¬ 
lated  by  turbulent  diffusion,  see  Sec.  5). 

2.3  The  TR-741  Atomic  Cloud  Model,  Revised 

An  atomic  cloud  model,  using  an  entraining  parcel  method  has  been 
developed  at  this  Laboratory, This  model,  (referred  to  as  the  TR-741 
model)  was  particularly  designed  for  sea-water-surface  nuclear  explosions. 
The  model  treats  the  cloud  gas  as  a  mixture  of  air  and  water  vapor  and 
allows  for  the  release  of  latent  heat  by  water  vapor  condensation.  The 
key  assumptions  in  this  model  are: 
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1.  The  clfectlve  rate  of  flow  of  ambient  air  Into  the  cloud 
(entrainment)  per  unit  surface  area  Is  equal  to  the  product  of 
a  constant,  A,  a  charactc-rla  tie  velocity,  v,  and  the  ratio  of 
cloud  do7isity  to  ambient  density, 

2.  Cloud  rise  is  retarded  by  both  entrainment  and  an  apparent  eddy- 
viscous  force,  directly  proportional  to  the  same  chaructcrlst ic 
velocity  and  ln'^<!rsely  proportional  to  the  density  ratio.  (This 
is  formally  equi\'nlont  to  a  drag  coefficient.) 

3.  The  kinetic  ener(;y  of  rise  correspond in(4  to  the  momentum  lost  by 
eddy  viscosity  is  converted  Into  kinetic  onorKy  of  turbulence, 
which  remains  in  the  cloud. 

'I.  The  characteristic  velocity,  v,  is  the  Broator  of  absolute  rate 
of  cloud  rise,  u,  and  averane  velocity  of  turbulence,  \/2K,  Thus 
entrainment  does  not  necessarily  end  when  cloud  rise  ends,  but. 
continues  as  a  turbulent  diffusion. 

5.  In  accelerating  from  rest  to  its  maximum  velocity,  the  cloud 
must  sot  in  motion  a  volume  of  ambient  air  equal  to  one  half  tile 
initial  cloud  volume.  Because  of  this  "virtual  mass"  the  accel- 
(-■ration  is  always  less  than  twice  that  of  gravity. 

No  provision  was  made  in  this  model  for  transformation  of  turbulent 

energy  into  heat.  Not  only  does  such  transformation  actually  tal.e  place, 

but  also  it  may  affect  the  formation  of  fallout  particles  through  the 

(4) 

mechanism  of  turbulent  coagulation.  The  rate  of  this  transformation, 
the  so-called  "dissipation  rate, ”  fi ,  is  found  both  theoretically  and  ex¬ 
perimentally  to  be  proportional  to  the  cube  of  a  large  scale  turbulent 
velocity  divided  by  a  large  scale  length,  I  (see  Section  3,  Turbulence). 
Therefore,  we  now  add  one  assumption  to  the  cloud  model. 

6.  Turbulent  energy  is  dissipated  at  a  rate  proportional  to  t]j,- 
cube  of  the  average  velocity  of  turbulence  divided  by  a  char¬ 
acteristic  length.  The  average  velocity  of  turbulence  is 
defined  as  where  E  is  the  turbulent  energy  per  unit  mass. 

The  characteristic  length  used  is  the  vertical  radius  of  the 
cloud. 

It  was  not  previously  noted  that  in  entrainment  of  stationary  ambient 
air  with  conservation  of  momentum,  kfnetlc  energy  is  lost,  i.e.,  entrain¬ 
ment  is  an  inelastic-collision  process.  The  proof  is  as  follows; 


\ 
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The  rate  of  change  of  cloud  momentun  per  unit  Uj  (i.e,, 

velocity)  with  time,  t,  due  to  entrainment,  is 


du  _  1  dm 

dt  m  dt 


(2.3.1) 


The  corresponding  change  in  kinetic  energy  per  unit  mass  is 

du  ^  d(uV2,)  ^  (2.3.2) 

“  dt  dt  \2  /  m  dt 

whereas,  if  total  kinetic  energy  is  conserved,  then  for  a  small  change  in 
velocity  and  mass 


^  mu*  =  ^  (m+dra)  (u+du)® 

dCu*/2)  _  _  hI  i  ^  (2.3.3) 

dt  2  m  dt 

Entrainment,  then,  results  in  a  loss  of  total  kinetic  energy,  at  a 

8  1  *4 

rate,  per  unit  mass,  of  -g - .  The  law  of  conservation  of  total  energy 

2  m  dt 

and  the  concept  of  turbulent  energy  already  used  suggest  the  following 
assumption: 

7.  The  kinetic  energy  of  rise  lost  in  the  inelastic-collision, 
momentum-conserving  entrainment  process,  remains  in  the  cloud 
as  turbulent  energy. 

A  simplified  version  of  the  essential  equations  is  given  below, 
neglecting  the  effects  of  the  2-gas  mixture,  latent  heat  release,  initial 
virtual  mass  and  condensed-water  mass  fraction  of  the  cloud.  Tliese 
effects  are  considered  in  the  full  set  of  equations  used  in  computation. 
(See  Refs.  1  and  2.) 
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where 


whore 


whore 


where 


Masn ; 


1 

m  dt 


(2. 3. .5) 


i' 


m  =  maae 
t  ®  time 

S  -  cloud  surface  area 

V  =  cloud  volume 

\  =  dimensionless  entrainment  constant 

V  =  characteristic  velocity  of  entrainment 

Momentum :  ~  ~  ^ 

u  a  rate  of  rise 

T  a  cloud  temperature 

a  environment  temperature 
g  -  acceleration  of  gravity 

kg  a  dimensionless  drag  or  eddy  viscosity  constant 
f  a  a  characteristic  length  of  tho  cloud 

Temperature:  ~  ^  ^  u  -  (T-T  )•-—+—  (2.3.6) 

— -  dt  c  T  e  m  dt  c 

P  e  p 

Op  a  specific  heat  of  air 
Turbulent  kinetic  energy  donslty: 


)/2kjV  X  ^  1  dm\ 


(2.3.5) 


dt 


2k2 


T_  V 
T  Z 


e 


h1  i  ^ 

2  m  dt 


E  i  -6 
m  dt 


E  a  turbulent  energy  por  unit  mass 


(2.3.7) 


H 

i'l 
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U  ^  ^  0) 

Tho  term  - -  conponaates  for  the  loss  of  kinetic  energy  of  rise  in 

£  mat 

entrainment  (assumption  7).  Thus,  some  turbulent  energy  is  produced  even 
In  tho  absence  of  eddy  viscosity,  l.e.,  even  If  kg  =  0. 

Environment  temperature,  T^,  la  a  specified  function  of  height,  z, 
which  is  given  by 


(2.3.8) 


Dissipation  rate  is  given  by 


=  ka  (2E)»/Vli 


(2.3.9) 


4 


I, 

d'  <1. 


whore  kg  is  a  dimensionless  constant. 

Cloud  form  is  a  sphere  (Initially  tangent  to  sea  level,  say  in  the 
case  of  a  surface  burst)  until  the  top  (not  the  center,  as  in  TR-741) 
reaches  the  tropopauso  and  a  horizontally  expanding  spheroid  thereafter. 
Tho  vortical  radius  of  the  spheroid  is  fixed  as  the  sphere's  radius  at 
tho  tropopause.  The  cloud  volume  and  surface  area  can  then  be  calculated 
from  the  perfect  gas  law  using  the  assumption  of  pressure  equilibrium. 

The  model  actually  uses  a  differential  equ'>tion  for  volume,  so  that  the 
gas  law  is  available  as  a  cross-check. 

The  characteristic  length,  is  taken  as  the  (vertical)  radius  of 
tlie  cloud.  The  characteristic  velocity,  v,  is  taken  as  max  ( |u 1 .VzE  ). 

The  equations  have  been  programmed  for  machine  computation,  and  the 
computations  give  predictions  for  rate  of  rise,  cloud  size,  fina]  cloud 
height  and  the  late  horizontal  expansion  of  high  yield  clouds,  in  general 
agreement  with  observations  of  atomic  clouds.  Late  horizontal  expansion 
had  not  previously  been  predicted  by  a  cloud  model. 

In  this  paper,  numerical  examples  are  based  on  the  results  of  compu¬ 
tations  for  two  standard  cases,  namely  20  KT  and  5  MT  sea  surface  bursts 
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In  a  tropical  atmosphere.  The  computer  printouts  are  given  in  Ref.  2. 
Since  the  exact  numerical  values  do  not  affect  the  discussion  in  the 
remainder  of  this  paper  only  some  representative  results  are  given  here. 
Figure  2.1  gives  cloud  size  and  height  ^  time  for  the  two  yields  men¬ 
tioned.  The  time  and  height  at  which  water  vapor  condensation  begins  is 
indicated.  Figure  2.2  gives  turbulent  energy  dissipation  rate  per  unit 
mass,  £  ,  in  m‘/sec^,  l.e,,  watts/kg,  for  the  two  cases  mentioned  and  also 
for  a  0.1  KT  burst. 


2.4  The  Energy  Cycle  of  the  Atomic  Cloud 

If  the  momentum  equation  (2.3.5)  is  multiplied  by  u,  the  temperature 
equation  (2.3.6)  by  c^  and  the  height  equation  (2.3.8)  by  g,  then  with 
the  turbulent  energy  equation  (2.3.7)  they  form  a  set  of  .  >ur  energy 
equations  whose  terms  have  the  indicated  meanings, 


Kinetic  energy,  HE 

du‘»/2  _ 

dt 


loss  to  PE  eddy-viscous 

gain  l.e.,  work  done  loss  to 
from  H  lifting  cloud  turbulence 


Inelastic-  dilution 

collision  loss  by 

to  turbulence  entrainment 


T 

=  ^  gu  -  gu 

e 


-  2k2  7  ^  u® 
2  ^  T 

e 


1  ^ 
2  m  dt 


u®  1  dm 
2  m  dt 


(2.4.1) 


Enthalpy,  H 


'^p  dt  dt 


loss 

to 

KE 


gain  from  TE 
i.e.,  dissipation, 
viscous  heating 


dilution 

by 

entrainment 


+  kg 


(2E)®/® 

£ 


.  1  dm 
-  c  (T-T  )  -  — 
P  e  m  dt 


<2.4.2) 
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Turbulent  energy,  TE 


gain  from 

gain  from  KE  by 

dilution 

KE  by 

inelastic-collision 

dissipation 

by 

eddy  viscosity 

entrainment 

loss  to  H 

entrainment 

dt 

=  2ka  u* 

e 

4.  “1  i  ^ 

2  m  dt 

,  (2E)*/* 

k,  — 2 — 

-  E  -  ~ 
m  dt 

Potential  energy,  PE 

gain 

from 

KE 

g  ^  -  gu  (2.4.4) 

Kinetic  energy  here  means  energy  of  directed  motion  of  the  cloud,  u‘/2, 
turbulent  energy,  E,  is  actually  kinetic  energy  of  randomly  moving  lumps 
of  fluid  within  the  cloud.  See  Sec.  3.1.1.  Adding  the  four  equations 
gives  an  equation  for  total  energy  per  unit  mass 

~  (uV2  +  c  T  +  E  +  gz)  =  (u*/2  +  c  (T-T  )  +  E)  (2.4.5) 

dt  p  m  dt  p  e 

The  dimensionless  constants  kg  and  kg  do  not  appear  in  the  total  energy 
equation;  they  only  affect  the  rate  of  transfer  between  different  forms 
of  energy. 

The  present  cloud  model,  then,  is  based  on  conservation  of  mass  and 

energy,  and  the  equations  for  velocity  (or  momentum  or  kinetic  energy), 

temperature  (or  enthalpy),  turbulent  energy  and  height  can  be  considered 

merely  rules  for  energy  transformation.  These  rules  imply  an  energy 

cycle  which  may  be  diagrammed  as  follows.  The  heavier  arrows  indicate 

the  usual  direction  of  transfer  (when  T  >  T  and  u  '  0) 

e 
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The  energy  flow  through  turbulence  is  always  in  the  same  direction;  this 
part  of  tho  cycle  is  intrinsically  irreversible.  The  novelty  in  this 
model  is  the  use  of  turbulence  as  a  delay  line  between  kinetic  energy  of 
rise  and  heat.  Although  momentum  is  lost  by  drag  or  eddy  viscosity, 
kinetic  energy  is  rot  lost  but  rather  transformed. 

Because  of  entrainment,  the  cloud  cannot  be  treated  as  a  closed 
system,  with  constant  total  energy  per  unit  mass,  except  under  special 
atmospheric  conditions,  To  examine  change  in  total  cloud  energy  (not  per 
unit  mass)  all  mass  should  be  referred  to  the  same  datum,  although  the 
mass  was  entrained  at  different  altitudes  and  temperatures  (at  different 
potential  energies  and  enthalpies).  As  a  datum,  we  use  sea  level,  z  »  0, 
with  the  corresponding  ambient  temperature,  T^  = 

Multiplying  Equation  (2,4.5)  by  m  and  rearranging  terms,  the  rate  of 
change  of  total  energy  relative  to  this  datum  is 

if  [.(uV2  +  2p<T-r^)  .  8  *  *.)]  =  f  [(T^  + 

Now  T  +  gz/c  is  the  potential  temperature  of  the  atmosphere  at  altitude 
e  p 

2,  (the  temperature  air  at  the  given  altitude  would  have  if  compressed 
adiabatically  to  sea  level  pressure),  so  that  total  cloud  energy,  referred 
to  sea  level,  increases  with  altitude  in  proportion  to  the  excess  of 
potential  temperature  over  sea  level  temperature,  We  can  now  sketch  a 
total-energy  cycle  for  the  cloud,  referred  to  the  sea  level  datum.  (See 
Fig.  2.3.) 
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Fig.  2.3- 


Total  Energy  Cycle  lor 


the  Bieing  Atomic  Cloud 
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In  an  a/llabaHc  nimnsphoro  lone  In  which  potential  temperature  does 


not  vary  with  altitude),  wo  have 

T  =  T  -  Rz/c 
e  oo  p 

so  that,  substituting  in  Equation  (2.4,6), 

+  E  +  c  (T-T  )  +  gz)!  =  0  (2.4,7) 

dt  |_  p  eo  J 

i.o.,  total  energy,  referred  to  sea  level,  is  constant, 

3.  TURBULENCE  IN  THE  ATOMIC  CLOUD 


3.1  Theoretical  Background 

Turbulent  motion  of  a  fluid  has  by  definition  a  fluctuating,  random 
nature  in  time  and  space.  This  nature  has  suggested  Fourier  analysis  of 
velocity  components  (and  other  fluctuating  properties)  into  a  spectrum  oi 
motions  of  various  length  scales,  or  "eddy  sizes,"  We  shall  be  concerned 
mostly  with  small  eddies.* 


3.1,1  The  Energy  Cascade 

The  kinetic  energy  of  a  large  scale,  intensely  turbulent  flow  is 
supposed  to  be  transmitted  from  the  overall  flow  to  the  largest  eddies 
(turbulent  motions)  and  through  a  cascade  of  successively  smaller  eddies* 
to  an  approximate  minimum  eddy  size,  and  finally,  to  be  dissipated  by 
viscosity  to  heat  (molecular  motions).  This  idea  dates  back  at  least  to 
L.  F.  Richardson,  c,1920.  The  cascade  picture  suggests  that  eddies  suf¬ 
ficiently  far  along  the  ca.scade  may  be  Independent  of  large-scale  flow 
conditions,  and  leads  to  the  equilibrium  hypothesis,  (See  next  section.) 


* 'Small  eddy'  is  used.  .  .as  a  concise  term  for  a  Fourier  component 
belonging  to  a  small  length  scale,  or  large  wave  number. 
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3.1.2  The  Equilibrium  llyputhosis 

DuriiiB  the  transfer  uf  cnorRy  t<i  smaller  and  smaller  eddies,  the 
direction  of  motion  becomes  random  and  the  concentration  oi  energy  in 
particular  eddy  sizes  (wave  lenuths)  is  smoothed  out  liy  transfer  to 
neiRliborinR  sizes.  Information  on  eddy  orientation  is  lost  durlnR  onerRy 
transmission,  so  to  speak,  Tlius,  small  scale  turbulence  is  liomoRoneous 
and  isotropic  even  though  the  largest  eddies  (such  as  the  vortex  ring  of 
an  atomic  cloud)  are  not.  The  motions  at  dllforont  small  length  scales 
are  similar  in  the  sense  that  they  differ  only  by  scale  factors  which  are 
independent  of  largo  scale  flow  conditions.  Eddies  of  those  sizes  are 
said  to  bo  in  the  cqulllhrium  range.  Tills  is  "Kolmogorov's  hypothesis": 
"the  small  scale  components  of  turbulence  arc  approximately  in  statistical 
equilibrium."  Equivalent  names  for  this  hypothesis  are;  theory  of 
"local  similarity, "  of  "universal  equilibrium, "  or  of  "similarity  of 
small  eddies."  Kolmogorov's  hypothesis  applies  only  to  very  high  lleynolds- 
numbor  flows  <Rc  >10®)  such  as  a  rising  atomic  cloud. 

While  sufficiently  small  eddies  arc  independent  of  largo  scale  flow, 
all  except  very  small  eddies  are  independent  of  fluid  viscosity,  This 
latter  Independence  leads  to  the  principle  of  Reynolds-numbor  similarity 
(Ref.  5,  Sec,  5,4) : 

"Geometrically  similar  ilows  arc  similar  at  all  sufficiently  high 
Re-yuolds  numbers.  The  aspects  of  the  motion  that  are  excluded  from 
the  similarity  are  quite  simply  those  that  occur  at  low  Reynolds 
numbers,  l.c,,  those  in  which  viscous  forces  are  compaJ’ablo  with 
inertial  and  pressure  forces." 

This  principle  is  applied  in  the  cloud  model,  for  instance.  In  the  choice 
oi  cliaractcrlstic  length  involved  in  momentum  and  energy  transfer.  This 
length  is  scaled  to  cloud  size,  independent  of  fluid  viscosity.  It  Is 
usud  again  in  tlovoloping  a  theory  oi  turbulent-diffusive  dispersion  of 
particles  from  the  cloud.  (Sec.  5.)  Note  that  the  principle  of  Uoynolds- 
mimbor  similarity  is  a  statement  about  large-scale  conditions,  while  that 
of  lc)cal  similarity  is  a  statement  about  small-scale  conditions. 
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TliL-  L><|ii  i  J  Ibr  mm  riinnc  ol'  the  uddy  spectrum  is  i  lulupoiKlunl  ol  nveiMll 

flow  iHinensions  und  lliils  of  cMioi'ny  Input  Ijy  lurne  eddies  al  oni’  eii<l  of 

(6 ) 

the  spectrum.  Furiliermore,  for  extrcMiiely  Inrttu  Reynolds  mimhi'rs  as  In 
ntomic  cloud  t  iirlnilence,  the  larnor-eddy  part  of  this  o<iul  1  ibrliun  ran^;e, 
cnllod  the  "inertial  suh-ranttc"  Is  also  it  dependent  ai  viscous  dissi¬ 
pation  by  the  smallest  eddies  (the  "dissipation  range")  at  the  other  oiul 
of  the  spcctrinii.  The  existence  of  tlu  "inertial  range"  or  "sub-range"  is 
sometimes called  "Kolmogorov's  second  hypothesis."  Dimensional  analy¬ 
sis,  applied  to  the  inertial  and  dlssiiiation  ranges,  predicts  the  velocity, 
energy,  etc.,  at  each  wave  length.  A,  or  wave  number,  k,  (reciprocal  of 
wave  length).  See  Sec.  3.1.3. 

For  a  cptusl-steady  fluid  flow,  the  rate  <if  energy  dissipation  per 
unit  mass,  £  ,  by  the  smallest  ocldios,  is  etiual  to  the  rate  of  energy 
transmission  through  the  spoctrum  from  the  laigu  eddies,  (energy-input) 
to  the  smallest,  dissipative  oddit.'S.  That  is,  if  A  is  an  eddy  size  much 
smaller  than  the  maximum  flow  fltmensions,  anti  somewhai  larger  than  the 
minimum  eddy  size,  A^^,  then  the  rate  of  energy  transmission  pa.st  A  is 
equal  to  £.  (The  size  range  of  A  might  bo  about  l^A.^,  <  A  -‘f  ^/lO,  but  see 
Sec.  3.1.4.)  A  quasi-steady  fluid  flow  is  one  in  which  the  response  time 
of  the  energy  spectrum  at  a  given  small-eddy  wave  number  is  small  compared 
with  the  time  scale  of  changes  in  the  overall  flow. 

The  dissipation  rate,  C  ,  is  determined  by  large-scale  flow  condilions, 
although  it  is  the  smallest  eddies  which  actually  dissipate  kinetic  energy 
to  heat.  At  tills  largest  scale  of  the  flow,  the  Reynolds  number  is  ex¬ 
tremely  large  and  viscosity  Is  of  negligible  importance.  Then,  using 
dimensional  analysis,  &  must  have  the  form 

c  ~  u^/f 

wlioro  11  and  >  are  a  large  scale  velocity  and  length,  respectively,  since 
these  are  the  only  largo  scale  quantities  out  of  which  a  dissipation  rate 
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(power  per  unit  mass,  or  lenKth®/tltno*)  can  be  formed.  Here  and  later, 
the  symbol  ~  means  "proportional  to  and  of  the  order  of  mnKnltudo  of," 

WritlnK 

C  ~  u®/£  ~  iu(u/i)* 


It  Is  soon  that  iu  has  the  dimensions  of  kinematic  viscosity,  and  ii/i  has 
the  dimensions  of  shear.  Just  as  molecular  kinematic  viscosity  is  pro¬ 
portional  to  the  product  of  moleciilnr  speed  and  mean  free  path,  an  eddy 
viscosity  can  be  defined: 


,  ~  uf 
turb 


Then  we  cun  write 


^  ~  ^urb 


in  analogy  to  the  dissipation  rate  in  laminar  vi.scous  flow,  whose  form  is 
— j  where  y  is  a  coordinate  perpendicular  to  u. 

3.1,3  Small  Scale  Turbulence  Parameters 

The  smallest  eddy  size,  A  ,  the  "Kolmocorov  microscale, "  can  depend 

o 

only  on  (molecular)  kinematic  viscosity  and  on  t,  so  that  again  by  dimen¬ 
sional  analysis. 


(The  constant  of  proportionality  in  these  relations  is  usually  of  order 
unity.)  Thus,  the  microscale  is  only  weakly  dependent  (to  the  -1/4  powei 
on  dissipation  rate.  It  is  typically  of  order  1  mm  in  severe  atmospherl' 
storms,  where  £  ~  u*/£  ~10®cm®/sec®  or  exceptionally,  £  ~  10*  (see  for 
Instance,  Ref,  7).  Even  if  £  ~  10®  or  lo'^,  as  seems  possible  in  a 
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mounlon  atomic  cloud,  (sou  2.2)  is  not  much  less  -  suy  ,3  mm  = 

300  M,  since  tU  the  liitth  temporuture  and/or  low  diMisily  oi  iilomlc  clouds, 
the  value  ol'  I'  will  1)0  proalor  than  at  stainlard  lempcraturo  and  pressure. 
(See  Sec.  3.2.3),  Further  predictions  oi  characteristic  c|unntlties  in 
the  inertial  and  tli.ssipat  ion  rannos  are  roudily  derived  (us  in  Reis,  d 
and  8)  and  arc  listed  hero  (Table  3.1). 


3.1.4  Approximations  to  the  Enerpy  Spectrum 

(fl) 

It  has  boon  suppested  ‘  that  ior  very  hiph  Reynoltls  numbers  the 
inertial  range  can  be  extended  over  the  entire  spectrum,  irom  the  largest 
wave  lengths,  to  the  microscale, 


3.1.5  The  Degrees  oi  Freedom  oi  a  Turbulent  Flow 


Associated  with  any  p'Mv  size.  A)  there  is  a  .spectral  Reynolds 
Avi 

number"  Re,  =  — “  . 

A  i> 

From  Table  3.1,  substituting  £  ~  u®/f, 


RO;^ 


ui.  n</^\ 

- F — 


whore  Ro  reiors  to  the  overall  flow.  Since  lor  A  =  A  ,  Rex  =  1,  the  ratio 

o  A 

of  size  of  largost  to  smallest  eddies  is  oi  order  Re“/*, 

Taking  the  largest  eddies  ns  of  nearly  the  same  size  as  the  overall 
flow,  there  are  then  Rc®/*  independent  microscale  eddies,  or  degrees  oi 
freedom.  In  a  three  dimensional  flow  there  are  then  independent 

eddies,  or  degrees  of  freedom.  This  suggests  tl)o  problom.s  associated 
with  numerical  computation  of  turbulent  flows.  (.See  Soc.  2.1.) 


3.2  Estimates  of  Atomic  Cloud  Turbulence 

In  this  discussion,  reference  is  made  to  the  levised  TR-741  cloud 
model  for  numerical  estimates  oi  characteristics  of  explosion  clouds. 
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3.2.1  Sralca  and  Roytioldti  Numburs 


As  a  large  scale  characteristic  length  for  calculating  Reynolds 
number  we  use  cloud  diameter.  The  size  of  the  largest  eddies  (such  as 
the  vortex  ring  cross  section),  used  as  a  length  scale  for  energy  dis¬ 
sipation  rate,  £~u^/i,  is  less  than  this  diameter,  but  we  assume  that 
i  la  a  constant  fraction  of  cloud  diameter.  For  the  corresponding 
characteristic  velocity,  u,  we  use  the  "velocity  of  turbulence, " 

In  the  early  part  of  cloud  rise  (up  to  about  60  sec.  for  5  MT),  the 
cloud  is  much  hotter  than  the  environment.  This  leads  to  different  values 
for  "external"  and  "internal"  Reynolds  numbers. 


uiP 

R  .  = 

ext  M 

e 


uiP 

int  “  ;i 


Hero,  u  and  i  are  appropriate  velocity  and  length  scales.  Since,  for  a 
perfect  gas 


and 


at 


i/2 


then 


T  ) 
e/ 


It  Is  R^^^  that  is  of  interest  In  cloud  turbulence.  Although  cal¬ 
culated  turbulence  velocities  are  high  —  of  the  same  order  as  '  -f 
rise  —  the  Mach  number  of  turbulence  is  (even  for  a  5  MT  shot)  .>v  iiY>re 
than  1/3  because  of  the  higher  speed  of  sound  in  the  hot  cloud  ;  ';;i  i  :.n 
the  cold  environment.  Thus,  compressible-flow  effects  can  be  neelvcted. 


3.2,2  The  Turbulent  Spectrum  of  the  Cloud 

Since  atomic-eJoud  Reynolds  numbers  are  extremely  high  (for  a  5  MT 
cloud,  Re  ^  10^®  from  30  to  600  sec,  after  burst)  one  can  certainly  assume 
homogeneity  and  isotropy  of  small  eddies.  Homogeneity  is  also  consistent 
with  the  "parcel"  cloud  method.  Because  of  the  high  Reynolds  number  we 
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car.  also,  with  some  confidence,  extend  the  inertial  range  to  nearly  lh< 
entire  spectrum  from  the  microscale  to  almost  the  largest  eddies , 

(Sec,  3.1.4.) 


Because  the  atomic  cloud  is  not  in  a  steady  state,  there  is  difficulty 

in  defining  the  dissipation  rate,  C  .  The  rate  of  "loss"  (dilution)  of 

energy  per  unit  mass  due  to  entrainment  may  be  larger  than  viscous  loss 
E  dm 

(1*0. 1  —  -rr  >£  )>  and  the  flux  of  energy  from  its  source  in  the  large 
m  dt 

eddies  to  the  viscous  sink  is  actually  neither  independent  of  time  nor  of 
eddy  size.  Nevertheless,  we  propose  to  neglect  any  distorting  effect  of 
entrainment  on  the  spectrum  and  estimate  turbulence  parameters  quasi- 
statically  at  each  time  of  Interest  on  the  basis  of  E  and  f.  That  is,  we 
treat  the  turbulence  as  "quasi-steady"  as  defined  in  Sec.  3.1.  This 


treatment  is  justified  if  the  characteristic  time  of  change  of  E,  say 
[e  much  greater  than  the  "local  transfer  time"^^^  of  energy 

flow  through  the  spectrum,  T  (k)  =  [k® £(k)] ~ . 


There  are  several  possible  choices  for  — ! 


(1)  the  total  derivative  (net  rate  of  change)  of  E.  This  cannot 
be  used  at  some  early  times,  (for  Instance,  near  22  sec.  in 
Table  2.1)  as  it  is  nearly  zero  because  Increase  of  E  by 
generation  of  turbulence  and  decrease  by  dissipation  and 
entrainment  nearly  cancel ; 

....  ...j  ...  T  v  5  .  1  dm  u* 

(2)  the  generation  rate,  2k2  ^  j  u’  ^  ^  2“ 


(2E) 3/® 

(3)  the  dissipation  rate,  £  =  k3  - j - 


The  characteristic  time 


(1 

\E  dty  ’ 


calculated  using  each  of  these 


choices  for  — ,  has  been  compared  with  the  local  transfer  time,  for  the 
dt 

5  MT  cloud  computation.  For  the  local  transfer  time,  t,  we  use  a  char¬ 
acteristic  time  based  on  similarity  theory  (Table  3.1).  T  =  (£k*)"‘/®  = 
(AV£)"/®. 


It  i.-^  found  that  for  typical  inertial-range  wavelengths  (up  to  10 

ri  Hvl-i 


meters),  T  is  much  smaller  than 


ri 

[e  dt_ 


so  that  the  equilibrium  treatment 
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of  Bmttll  scale  turbulonco  Is  justified  for  the  atomic  cloud.  Wo  might 
say  that  if  tho  local  transfer  time  is  small  compared  with  the  charnctor- 
isttc  time,  turbulent  energy  is  flowing  through  tho  eddy  spectrum  like  an 
incompressible  fluid. 

4.  VORTEX  MOTION  IN  THE  CLOUD 

Pictures  of  atomic  clouds  often  show  a  vertex  ring  of  hot  incanclos- 
cont  gas  within  the  rising  cloud  and  also,  even  at  later  times  when  the 
gas  is  no  longer  incandescent,  a  general  toroidal  circulation  of  the 
cloud  boundary.  Those  phenomena  appear  more  clearly  in  air  bursts  than 
suriacc  blasts.  Surface  material  in  and  around  the  cloud  may  diminish 
their  visibility  or  actually  Intcrforo  with  theii’  occurrenco,  say  by  mass 
loading  of  tho  circulating  gas.  Wo  will  generally  refer  to  tliese  phcnomeim 
as  "toroidal  circulation,"  restricting  "vortex  ring"  to  its  classical 
hydrodynamic  moaning.  The  reasons  for  interest  in  the  circulation  are 
(1)  that  it  may  affect  cloud  rise  and  expansion  and  especially  (2)  its 
effect  on  particle  dispersion  from  the  cloud. 

4.1  The  Pasted  Vortex 

Atomic  cloud  vortex  models  proposed  to  date  consist  of  an  assumed 
classical  vortex  flow  superimposed,  or  "pasted, "  on  a  parcel  method  cloud, 
without  regard  oven  to  conservation  of  energy,  much  less  to  whothor  the 
resulting  "pseudo-local"  velocities  satisfy  the  time-averaged  Navier- 
Stokes  equations.  Since  the  streamlines  thus  drawn  in  tho  cloud  arc 
intended  to  represent  average  flow  directions  in  the  intensely  turbulent 
cloud,  the  time  of  averaging  must  be  long  compared  with  cloud  rise.  The 
time  of  averaging  tlicn,  should  be  just  shorter  tlian  tho  periods  of  tlio 
largest  eddies,  i.e.,  of  tho  vortex  ring.  Actually,  tho  local  velocities 
can  roprosont  only  one  solution  to  tho  equation  of  motion,  that  for  steady 
motion  in  an  infinite  homogeneous,  non-viscous,  incompressible  medium;  the 
vortex,  however,  is  being  superimposed  on  radically  different  conditions. 


If  the  pasted  vortox  is  to  bo  used,  it  is  necessary  to  specify  first 
the  vortex  form  and  then  its  numerical  parameters.  The  two  extremes  of 
vortex  structure^^^^  are  Hill's  spherical  vortex,  in  which  the  entire 
moving  spherical  fluid  body  is  the  vortex,  and  a  thin  ring  vortex,  which 
constitutes  only  a  small  part  of  the  traveling  fluid  volume.  The  use  of 
Hill's  vortox  has  been  suggested  for  cumulus  cloud  elements . Obser¬ 
vations  of  atomic  clouds  indicate  that  the  thin  ring  is  more  appropriate 
than  the  spherical  vortox,  (and  that  early  in  cloud  rise,  the  ring  cross- 
section  radius  is  not  more  than  1/10  of  the  cloud  radius). 

Given  the  general  ring  vortox  form,  its  numerical  parameters  can  be 
obtained  either  empirically  or  theoretically.  The  flow  is  completely 
determined  by  specifying  ring  radius,  vortox  core  cross-section  radius, 
and  circulation  (line  integral  of  velocity  around  a  closed  circuit  through 
the  ring).  If  cross-section  radius  is  very  small,  i.e,,  a  thin  ring 
vortex,  then  local  velocities  outside  the  core  are  completely  determined 
by  ring  radius  and  circulation.  Alternatively,  a  number  of  local  values 
of  velocity  can  be  used  to  determine  the  vortox  parameters  and  the  flow 
structure. 

4,1.1  Specification  of  Vortex  Parameters  by  the  Cloud  Model. 

The  vortex  ring  is  certainly  the  largest,  most  permanent  eddy  in  the 

turbulent  atomic  cloud.  In  fact,  the  vortex  ring  might  be  pictured  as 

the  flywheel  maintaining  the  cascade  of  energy  to  smaller  eddies  in  the 

(6) 

turbulent  spectrum  (see,  for  instance,  Hinze,  Sec.  3.5)  even  after  the 
end  of  cloud  rise,  when  no  more  energy  is  supplied  to  turbulence.  This 
energy  supply  picture  is  compatible  with  the  late  horizontal  cloud  ex¬ 
pansion.  Now  we  propose  that  the  transfer  of  energy  from  mean  motion  to 
turbulence  begins  with  the  generation  of  the  vortox,  and  that  the  vortex 
ring  be  allocated  a  fixed  fraction  of  the  total  turbulent  energy  density 
E,  say  0.2®  or  0.25®.  This  proposal  is  suggested  by  Hinze 's  statement : 
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"in  the  fully  dovolopod  state  it  is  not  the  laryest  eddies  that  will 
have  the  maximum  kinetic  energy,  but  the  eddies  in  a  higher-wave 
number  range.  The  range  of  the  energy  spectrum  where  the  eddies 
make  the  main  contribution  to  the  total  kinetic  energy  of  turbulence 
will  be  called  the  range  of  the  energy-containing  eddies,  .  .  . 

Though  the  more  permanent  largest  eddies  contain  much  less  energy 
than  the  energy-containing  eddies,  their  energy  is  by  no  means 
negligibly  small  and  may  still  amount  to  as  much  as  20  percent  of 
the  total  kinetic  energy." 

Wo  can  now  outline  a  procedure  for  specifying  vortex  parameters  using 
our  cloud  model.  Our  three  input  parameters  will  be  rate  of  cloud  rise, 
u,  cloud  radius,  r,  and  rotational  (vortex)  energy,  0.2inB,  where  m  is 
cloud  mass . 


The  total  energy  of  a  thin-ring  vortex  flow  is 


K»PO^  /  8D  _\ 


(4.1) 


Kero  we  use  Lamb's  notation:  K  is  circulation,  w  is  the  radius 

o 

of  the  vortex  ring,  a  is  the  cross-section  (vortex  core)  radius. 

This  energy  consists,  (we  suppose)  of  kinetic  energy  of  rise  of  the 
cloud,  ^  mu*,  and  rotational  energy,  0.2mE.  Then  the  energy  equation 
becomes 


1  2 
2 


K*PO  /  8u>  \ 

+  0.2mE  =  (in  ^  -  l) 


(4.2) 


The  velocity  of  translation  of  the  vortex  is 


L  So .  A 

\  a  4/ 


(4.3) 


The  radius  of  the  cloud  is  related  to  the  radios  of  the  vortex  ring 
by  the  fact  that  the  stream  function^^®^  equals  zero  at  the  boundary  of 
the  "cloud,"  that  is,  at  the  boundary  of  the  fluid  which  is  carried  along 
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with  the  vortex  ririK-  This  relation  gives  a  third  equation  (Lambf*^^ 

Sec,  161,  Equation  11)  so  that  x,  a,  and  uJ^  can  be  found.  The  algebra 
of  the  solution  is  involved  and  only  numerical  solutions  for  k,  a,  and 
can  be  obtained  explicitly.  In  any  case,  for  a  thin  ring  the  stream 
function  can  be  given  in  terms  of  k,  and  u,  without  using  a,  which 
does  not  affect  velocities  outside  the  core. 

For  purposes  of  illustration,  wo  take  a  simplified  case.  Set  = 

3/5  r  as  indicated  by  Figure  3  of  Reference  12.  Treat  the  cloud  as 

4 

spherical,  so  that  P  =  m/(—  tt  r®)  and  drop  the  second  term  in  parenthesis 
in  Equations  (4.2)  and  (4.3)  since  a)^»a.  Then,  dividing  the  energy 
equation  (4.2)  by  the  velocity  equation  (4.3)  and  substituting  the  given 
values  of  oJ  and  P, 


K 


1.85r 


u^/2  +  0.2E 
u 


(4.4) 


Until  nearly  the  end  of  cloud  rise,  u*/2>0,2E  so  that  approximately 


K  =  ru  (4.5) 

(13) 

This  result  can  be  obtained  directly  by  dimensional  analysis:  if  k 
depends  only  on  r  and  u,  it  must  have  the  form  of  Equation  (4.5). 

Values  of  circulation  calculated  from  Equations  (4.4)  and  (4.5)  for 

our  standard  20  KT  case  are  rather  lower  at  early  times  (5  to  10  sec) 

(12  14 ) 

than  comparable  values  estimated  from  cloud  films.  ’  Now,  at  very 

early  times,  ambient  air  is  several  times  as  dense  as  the  cloud  and  circu¬ 
lation  is  changing  rapidly,  so  that  the  use  of  classical  vortex  theory  is 
on  especially  shaky  ground.  However,  it  is  reasonable  that  if  circu¬ 
lation  is  due  to  the  drag  of  the  ambient  air  on  the  cloud,  it  should  be 
proportional  to  the  density  ratio  9  /P  =  T/T  ,  like  the  eddy-viscous 
momentum  loss  rate  in  the  momentum  equation  (Sec.  2.3).  An  appropriate 
formula  would  then  be 
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K  =  ruT/T  (4.6) 

o 

No  theoretical  consistency  with  Equations  (4.1)  -  (4.3)  can  bo  claimed 
for  Equation  (4.6);  tho  latter  is  offered  ns  an  intuitive  val.-i  for 
circulation  in  a  situation  whore  attempts  to  use  formulas  f.om  classical 
vortex  theory  scorn  particularly  remote  from  reality. 

Table  4.1  gives  values  of  k  calculated  from  Equations  (4.4),  (4.5), 

and  (4.6),  for  several  times  of  interest  using  data  from  our  standard 

20  KT  and  5  MT  computations.  The  values  are  of  tho  same  order  of  magni- 

(12  14) 

tudo  as  tho  widely  scattered  estimates  from  cloud  films'  ’  '  which  are 

f(jr  different  yields  and  generally  earlier  times.  Our  conclusion  is  that 
if  one  wishes  In  superimposo  an  as.sumed  vortex  ring  on  a  parcel-method 
cloud  model,  one  may  as  well  derive  vortex  parameters  Ir'm  the  model 
itself  as  from  film  observations.  Not  only  is  laborious  film  measurement 
avoided,  but,  at  least  for  Equations  (4.4)  and  (4.5),  tho  vortex  velocity 
and  energy  are  now  compatible  with  those  of  the  cloud. 

4,2  Use  of  Kelvin’s  Theorem  to  Estimate  Rato  of  Change  of  Cloud 
Ci rculalion 

The  equations  for  the  classical  vortex  ring  are  derived  assuming 

steady  incompressible  flow.  Under  such  circumstances,  circulation  is 

constant,  hence  it  is  illogical  to  claim  that  the  rate  of  change  of 

circulation  can  be  obtained  by  differentiating  Equation  (4.4)  or  (4,5). 

An  expression  for  rate  of  change  of  circulation*'  can  be  obtained  more 

(15) 

consistently  from  a  consequence  of  Kelvin's  equation. 

^  ^  ^  V  •  dIJ  =  S  .  dJ  (4.7) 

dt  dt 

"The  symbol  T  is  used  hove  lor  circulation  to  conlov  >,  with  Ref.  15, 
while  in  Section  4.1  the  symbol  K  was  used  to  conform  with  Ref.  10. 
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TABLE  4.1 


where  V  Is  velocity,  a  Is  acceleration,  dx  Is  a  line  element  nnti  the 
intogral  Is  taken  around  n  circuit  movlnn  with  the  fluid,  i.e.,  con¬ 
sisting  of  the  same  fluid  particles.  Writing  the  equation  of  motion 
as 


the  rate  of  change  of  circulation  around  the  circuit  is 


^=-#iap  (4.») 

To  calculate  cloud  circulation,  we  take  a  rectangular  circuit  in 
a  vertical  plane  through  the  cloud  axis.  As  indicated  in  the  following 
diagram,  the  circuit  extends  vertically  from  below  the  bottom  to  abovo 
the  top  of  the  cloud,  and  horizontally  from  the  axis  to  well  out  in  the 
ambient  air. 


Now  dp  is 
the  parts 
cancelled 
altitudes 
integral 


zero  along  the  horizontal  parts  of  the  circuit,  Furthermore, 
of  the  upward  vertical  path  outside  the  cloud  are  exactly 
by  the  corresponding  parts  of  the  downward  path  at  the  same 
so  that  the  only  possible  non-zero  contribution  to  the  line 
is  from  the  remaining  vertical  parts,  i.e.,  between  the  top 


1«0 


unci  bottijiii  ui  llio  cloucl,  u  distance  -  2r.  On  oaci.  oi  these  two 
vortical  parts,  talco  an  avoruKO  value  of  spucii'ic  velciiiie,  immoly,  1/p 
inside  and  1//)^^  outside  the  cloud,  and  usini'  tlio  liydroslallc  law,  re¬ 
place  dp  by  -;j^_nd^- ■  Oh  the  upward  path,  the  clianne  in  p  is  then 

=  -2p  and  sintilarly  on  the  downward  path  (pressures  inside 
and  outside  bciiiK  otitml)  so  that 


Note  that  the  cloud  need  not  be  spherical ;  it  is  only  its  vortical  ex¬ 
tent,  21’,  tluit  matters. 

Tile  iorotjoiiiK  dorivat.on  makes  no  allowance  for  dcci’caso  of  circu¬ 
lation  duo  to  (1)  eddy  viscosity  or  (2)  entrainment,  Inclusion  of 
those  two  effects  violates,  rospoctivcly ,  the  (1)  ideal-fluid  and  (2) 
olosod-stroamlino  assumptions  of  Kelvin’s  theorem,  Novcrtholoss ,  wo 
offer  a  way  to  allow  for  those  effects  on  circulation.  Substitute  in 
Equation  (<1,7)  the  value  of  uocoloratlon  uivon  by  the  momentum  Equa¬ 
tion  (2.3,5)  and  intograto  around  tlio  same  circuit  as  before.  The 
entrainment  rate  is  taken  at  zero  on  the  part  of  the  circuit  outside 
the  cloud.  The  resulting  rate  of  change  of  circulation  is 


1  ^ 

111  dt  ^ 


(4,10) 


The  first  term  in  the  brackets  on  the  riglit  side  of  tlUs  equation  is 
the  ideal-fluid  term,  corresponding  to  Equation  (4.9).  The  second  and 
third  terms  represent  the  effect  of  eddy-viscosity  and  entrainment 
respectively.  In  this  heuristic  derivation,  it  sooms  a  worse  abuse  of 
hydrodynamic  theory  to  introduce  entrainment  across  streamlines  than 
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o(l(ly  viscoHit.v,  FlRurc  <1.1  Rivoa  mitnorlcal  vnluos  of  circulation  from 
a  hand  intoKraiion  of  Equation  d.lO  with  and  without  tho  ontrainmont 
iLM'm,  uslnn  data  from  our  atandard  20  KT  and  5  MT  computations. 

It  is  soon  in  Fin,  d , 1  that  circulation  attains  nearly  its  maximum 
value  early  in  cloud  rise,  at  altout  the  time  of  maximum  rate  of  rise. 
Tito  time  of  rapid  incroaso  in  circulation  can  be*  associated  with  the 
fotniation  of  a  vortex  rinn  from  tho  initial  spherical  cloud.  This 
picture  is  relitf orced  if  tho  entrainment  term  is  omitted  -  no  entrained 
mass  crosses  the  surface  of  the  initial  cloud  even  though  this  surface 
is  deformed  frttm  sphere  to  toroid. 

The  values  of  circulation  are  somewhat  larger  than  those  obtained 
with  the  "pasted  vortex"  (Table  4.1).  Since  the  present  "Kelvin" 
metliod  of  calculating  circulation  requires  neither  any  particular, 
iissttmod  vortex  form,  nor  steady-state  flow,  it  is  more  consistent  with 
the  physical  conditions  of  tho  atomic  cloud.  The  resulting  values  of 
circelat'on  therefore  inspire  somewhat  more  confidence  than  those  in 
Table  4.1. 


5.  TURBULENT  DIFFUSION  OF  PARTICLES 

If  purtieles  escape  from  the  atomic  cloud  by  contrliugul  force  ns 
well  as  gravity,  due  to  "centrifugal  throwout"  from  tho  toroidal  circu¬ 
lation  of  the  fluid,  then  the  concentration  of  those  particles,  immodl- 
atulv  after  leaving  Ihe  cloiul,  woitld  vary  with  distance  from  the  axis 
of  tile  rising  elentd.  Their  distribution,  pro.joctcd  ttn  tho  groitnd, 
woultl  inerease  with  distance  from  the  projected  cloud  center,  while  if 
purtieles  escaped  under  gravity  alone,  the  distribution  would  lie  nearly 
uniform  over  t  lie  projected  cloud  area,  Tho  intense  turbulence  of  the 
cloud  sitggost  s  treatini*;  atiy  tion-gravit  atlonal  dispersion  of  particles 
as  a  turlnilunt  dixfitsion.  How  do  particles  "really"  got  out  of  the 
cloud?  Perhaps  tlie  question  is  meaningless.  Wo  propose  to  use  the 

I 
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languace  of  turbulonco,  bp  more  apptv»pr1ate  than  that  of  laminar  flow, 
to  model  non-gravltatlonal  dispersion. 

5.1  Geometrical  Effect  of  Turbulent  Diffusion 

Suppose  turbulent  diffusion  of  particles  Is  uniform  over  the 
spheroidal  cloud  surface  (a  sphere  before  the  cloud  top  has  reached  the 
tropopause;  an  oblate  spheroid  thereafter).  Only  radial  diffusion 
causes  dispersion  of  particles  from  the  cloud.  Dispersion  of  particles 
out  through  the  upper  surface  of  the  cloud  can  be  neglected  since  par¬ 
ticles  so  dispersed  are  either  recaptured  by  the  rising  cloud  or  fall 
back  into  the  cloud  after  end  of  rise.  Therefore,  only  dispersion 
through  the  lower  surface  need  be  considered. 

If  particle  flux  density,  Is  uniform  over  the  cloud  surface, 
then  Its  projection,  I ,  on  a  horizontal  plane  varies  with  radial  dis¬ 
tance,  X,  for  the  projected  cloud  center  as  the  ratio  of  arc  length  on 
a  cross  section  through  the  vertical  axis,  ds,  to  projected  arc  length, 
dx.  If  y  is  the  vertical  coordinate,  then  ds  »  >/(dx)®  +  (dy)*  so  that 
for  a  spheroid  whose  vertical  cross  section  has  the  equation 
X®  v® 

— j-  +  'hr  *  1 ,  we  have 
a®  b“ 

^  /~r(x®/a®)(l-b®/A®) 

"  V  l-x»/a® 

ds 

Since  the  projected  flux  density  is  proportional  to  ~,  it  becomes 

Infinite  below  the  periphery  of  the  cloud,  x  =  a,  (neglecting  diffusion 

in  the  atmosphere,  wind,  etc.).  A  more  realistic  approach  is  to  divide 

the  projection  into  say  five  concentric  rings  whose  mid-radii  are 

x/a  =  0.1,  0.3,  0.5,  0.7,  0.9.  The  corresponding  relative  projected 
cls 

flux  densities  —  are,  for  a  sphere,  1.01,  1.05,  1.15,  1.40,  2.29  and 
for  a  2/1  ellipsoid  (such  as  our  5  MT  cloud  at  140  seconds)  i.OO,  1.01, 
1.04,  1.11,  1.44. 
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The  total  projected  flux  is  equal  to  the  flux  density  integrated 
over  rings  of  area  2?r  x  dx,  and  equal  to  the  total  flux  through  the 
lower  half  of  the  cloud.  For  a  spherical  cloud  of  radius,  R  s  a  =  b,* 
the  demonstration  is  particularly  simple: 

R  R 

Total  projected  flux  =  j  1<X)  <  x  dx  =  ^  •  2?:  x  dx 

0  0 

R 

=  27rio  f  —  dx  =  2Jm®Io  =  total  flux 

0  >/l-x®/R® 

5.2  Turbulent  Diffusion  Coefficients 

Turbulent  diffusion  coefficients  as  a  function  of  particle  size, 

(4) 

have  been  determined  in  a  study  of  relative  motion  and  coagulation 
of  particles  in  a  turbulent  gas,  which  is  being  applied  to  the  atomic 
cloud. 

The  derivation  of  the  diffusion  coefficients  and  other  particle 

parameters  uses  the  similarity  theory  of  turbulence  and  was  suggested 

(8) 

by  a  remark  of  V.  G.  Levich  that  for  any  size  particle  there  is  a 
minimum  size  eddy  which  just  contains  the  particle  during  a  turbulent 
fluctuation.  (Exception:  Small  particles  below  a  certain  size  are 
contained  by  all,  even  microscale  eddies.)  Mean  particle  speed  relative 
to  fluid  is  a  maximum  for  this  eddy  size,  since  turbulent  velocity  in¬ 
creases  with  eddy  size  (see  Table  3.1). 

By  analogy  with  the  molecular  diffusion  coefficient  in  kinetic 
theory,  the  turbulent  diffusion  coefficient  is  defined  as  the  product 
of  the  mean  free  path  and  the  speed,  relative  to  the  fluid,  of  the 

(4) 

particle.  The  table  of  diffusion  coefficients  and  other  parameters 
is  reproduced  here.  As  indicated  in  the  table,  there  are  four  flow 

*  The  symbol  R  is  used  for  cloud  radius  in  this  section  to  di.stlngulsh 
it  from  particle  radius,  r. 
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regimes,  which  apply  to  particles  of  increasing  size,  reading  frpm  loft 

to  right.  The  mean  speed  of  the  particle  relative  to  the  fluid  In  the 

(8) 

first,  microscale  regime  Is  equivalent  to  that  given  by  Lcvich 

In  each  of  the  other  three  regimes,  the  speed,  q,  is  given  by 


r£P 


whore  drag  coefficient  C  is  a  specified  function  of  Reynolds  number, 

2]?ci 

Re  ss  ~]7~*  This  equation  for  q  was  derived  by  Levich  for  the  case 
Cq  =  constant,  and  derived  in  Ref.  (4)  without  this  restriction. 

In  those  three  regimes,  the  forms  C,.  =  24/Ro  (Stokes'  law), 

_a/4 

Cjj  =  24  Re  (empirical)  and  =  constant  were  used,  respectively. 

The  relaxation  time,  t,  in  each  of  the  four  regimes  is  given  by 
rP 

T  ~  where  Stokes'  law  is  used  for  C_  in  both  of  the  first  two 

CjjqP  D 

regimes.  Hero  is  particle  density. 

The  moan  free  path  is  qT,  which  equals  the  minimum  containing  eddy 
size  for  all  but  the  smallest  particles.  The  turbulent  diffusion  coef¬ 
ficient  is  q^T.  For  the  smallest  particles,  contained  by  all  eddies, 
the  turbulent  diffusion  coefficient  is  less  than  the  molecular  diffusion 
coefficient,  taken  as  nearly  equal  to  kinematic  viscosity. 

Note  that  with  Increasing  particle  size,  i.e.,  moving  from  left  to 
right  in  Table  S.l,  kinematic  viscosity  becomes  ever  less  important, 
appearing  to  smaller  absolute  powers  when  the  microscales  v^,  t^ 
(Table  3.1)  are  expressed  in  terms  of  v  and  C  .  Finally,  in  the 
,  extreme  right  column,  i'  does  not  appear  at  all,  except  in  the  Reynolds 
number.  The  expressions  in  this  column,  then,  are  pure  inertial-range 
forms:  they  apply  to  interaction  of  particles  with  eddies  so  much 
larger  than  the  microscale  that  the  interaction  parameters  depend  only 
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5.1 


on  the  dissipation  rate,  for  a  given  value  of  the  ratio  of  particle 
density  to  fluid  density. 

5.3  Turbulent-Diffusive  Flux  of  Particles 

The  flux  of  particles  through  a  unit  area  of  cloud  surface  equals 
the  diffusion  coefficient  times  the  concentration  gradient  (as  for  any 
transport  process) .  The  gradient  has  the  units  of  concentration  per 
unit  length.  This  length  Is  taken  as  proportional  to  the  cloud  radius 
(vertical  radius  when  the  cloud  Is  an  ellipsoid).  This  is  the  same 
characteristic  length  used  in  the  clcud-model  equations,  Section  2.3. 
That  Is,  the  principle  of  Reynolds-number  similarity,  (Sec.  3.1)  is 
again  used  here:  since  we  are  dealing  with  a  turbulent  process,  the 
length  is  independent  of  fluid,  (molecular)  viscosity,  or  diffusivity. 
This  principle  may  not  apply  to  the  smallest  particles  mentioned  above, 
governed  by  molecular  diffusion,  but  their  diffusion  rate,  and  falling 
rate,  are  extremely  small. 

The  flux  through  a  unit  area  of  cloud  surface,  then.  Is 

lo  =  j  (5.3.1) 

whore  n  and  D  are  the  concentration  and  diffusion  coefficient  of  parti¬ 
cles  of  the  given  size,  and  is  a  dimensionless  constant.  The  value 
of  k4  is  not  specified,  but  by  analogy  with  the  other  turbulent  trans¬ 
fer  coefficients  involving  i,  in  the  cloud  equations,  Section  2.3,  we 
estimate  that 


,10  -S  k4  ^  .25. 
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The  flux  through  tho  lowt,-r  hall  the  cloufi  is  then 


4> 

t 


-  ki  D  ? 


(5.3.2) 


where  S  is  cloud  surface  area. 

5.4  Gravitational  vs  Turbulent-Diffusive  Dispersion  of  Particles 

The  total  gravitational  flux  equals  horizontal  projected  cloud 
area  times  particle  concentration  (assumed  uniform  in  tho  cloud)  times 
particle  falling  rate,  p. 


4*  =  xR*np  (5.4.1) 

g 


For  a  spherical  cloud,  S  =  47rR*  and,  substituting  this  in  Equation 
(5.3.2) 


(5.4  .2) 


so  the  larger  the  cloud,  the  less  important  particle  dispersion  due  to 
turbulent  particle  diffusion  becomes,  relative  to  gravitational  disper¬ 
sion.  The  turbulent  diffusion  coefficient  for  a  given  particle  size  in¬ 
creases  with  turbulent  energy  dissipation  rate,  and,  therefore,  with 
yield  and  finally  with  radius,  R,  but  such  dependence  does  not  signifi¬ 
cantly  alter  the  relative  importance  of  turbulent  and  gravitational 
dispersion  established  above. 


3,4.1  Large  Particles 

Consider  now  particles  of  radius,  r,  so  large  that  their  drag  coef¬ 
ficient,  Cjj,  in  gravitational  fall  is  constant.  Then 
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1/2 


(5.4.3) 


so  that  taking  yj  1. 5Cp~l,  (as  is  approximately  valid  tor  such  Reynolds 
numbers)  and  substituting  Equations  (5.4.3)  and  (3,4.4)  in  Equation 
(3.4.2) 


(5.4.5) 


Figure  5.1  is  a  plot  of  the  flux  ratio,  Equation  (5.4.5),  omitting  the 
factor  k4  and  using  cur  20  KT  and  5  MT  computations.  In  this  plot, 
particle  radius  is  taken  as  1000  microns  (a  large  fallou  .  particle)  and 
density  as  2.2  gm/cm’ .  The  dashed  linos  are  the  result  ’f  multiplying 
the  calculated  flux  ratio  by  the  ratio  of  ambient  to  do  d  density  as  if 
the  concentrat.ion  gradient  were  steeper  by  this  factor.  Some  intuitive 
arguments  to  support  the  introduction  of  this  factor  war  given  in  ; 

Ref,  1.  It  is  seen  that  even  with  this  factor  the  flux  atio  is  gener¬ 
ally  small  and  decreases  with  increasing  yield.  Its  pea  ■  value  would 
exceed  unity  for  yields  under  1  KT,  but  only  for  a  very  ew  seconds, 
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corrosponuing  to  Liia  short  riurnt*''*'  of  intense  turbulence  at  such  low 
yields. 

Another  instructive  formulation  of  the  flux  ratio  ts  as  follows; 
For  a  spherical  cloud,  from  Equation  (2.3.9) 

3/2 

£  «  kj  (2E)  /It 


and  early  in  cloud  rise  the  velocity  of  turbulence,  V^2E,  does  not  much 
exceed  rate  of  rise,  u,  so  that 


~  u 


and  also  ks is  of  order  unity, 


1/3 

kj  '“I 


Making  these  throe  substitutions  In  Equation  (5,4.5), 


*t 

W 

s 


~  (l 


5/0 


(gR) 


1/2 


(5,4,6) 


But  the  Froudo  number  of  the  cloud,  or  ratio  of  inertial  to  gravita¬ 
tional  forces,  is 


Fr  =  u*/gR 


and  those  forces  are  noorly  in  balance  during  the  "steady"  rise  of  the 
cloud,  i.o.,  Fr~l  as  is  roughly  confirmed  by  the  first  page  of  Table  2.1, 
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SubstltutlnK  Fr  =  u*/kR  =  1  in  Eqiiiilion  (S.'l.ii) 


fi'om  wlilch  it  is  ovidoiU,  sincu  k4sl  and  that  an  improbably 

largo  particle  aizoi  r>10“^R,  Is  roqulrod  for  turbulent  dlsporsion  to 
bo  dominant . 

5.4.2  Small  Particles 

The  largest  purticle.s  to  whoso  motion  Stokes'  law  can  be  applied 
aro  of  radius  r~A^^(p/p  These  particles  are  at  the  upper  llinll 

of  the  "Stokoa-lncrtial"  size  range. 

Using  the  same  5  MT  computation,  the  viscosity  of  air,  p,  and  the 

definition  of  kinematic  viscosity,  a  a  fi/p,  the  microscale 

~  is  of  order  300  microns,  and  the  limiting  size 

r'-X  (e/p  is  about  30  microns.  The  diffusion  coefficient  at  this 

o  p 

upper  limit  is 


I)  =  P 


P 


(5.4.8) 


while  the  falling  rate  for  such  particles  is  given  by  Stokes'  law. 


p  c 


2  rfg 

0  P  P 


(5.4 .9) 


where  again  (p^  -  p)/p  ~  Pp'''P'  Then  the  flux  ratio,  substituting 
r~X^(p/Pp) ,  and  Equations  (5.4.8)  and  (5,4.9)  in  Equation  (5.4.2)  is 
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(5.4.10) 


Now  wo  U3U  tho  fact  that  (See,  3.1.5)  and  for  the  large- 

o 

scnlo  longtli,  i,  take  cloud  rndlu.s,  R.  Using  also  the  definition  of 
Reynolds  number  Re  ~  uR/i',  Equation  (5,4.10)  becomes 


(5.4,11) 


As  in  Sec.  (3.4,1),  wo  substiluio  tho  value  of  the  Froudo  number, 
u®/gR  =  Fr  ~  1  In  Et|uution  (5,4,11)  giving  for  the  ratio  of  turbitlent- 
dtffusivo  to  gravitational  flux  of  smoll  particles, 


(5.4.12) 


Now  even  for  a  low  yield  cloud  (say  20  ICf)  Re  ~  10^,  while  (p^/p)  ~  10*, 
so  that  ~  10"®/“,  i.e.,  this  ratio  is  small.  To  be  sure,  for 

these  small  particles  gravitational  dispersion  is  Itself  quite  slow. 


6.  SUSJMARY 

A  revised  version  of  the  TR-741  cloud  model  has  been  presented 
which  takes  into  account  the  decay  of  turbulent  energy  to  heat.  The 
rate  of  this  decay  per  unit  mass,  the  turbulent  energy  dissipation  rate, 
is  the  governing  parameter  for  small  scale  turbulent  motions.  The  model 
is  shown  to  imply  an  atomic  cloud  energy  cycle. 
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If  toroidal  circulation  In  the  atomic  cloud  Is  to  be  represented 
by  a  classical  vortex  ring  flow  superimposed  on  the  parcel-model  cloud, 
then  the  vortex  parameters,  in  particular  the  circulation,  may  be  es¬ 
timated  from  the  cloud  model  by  taking  vortex  rotational  energy  as  a 
given  fraction  of  the  turbulent  energy,  consistent  with  conservation 
of  energy  and  with  turbulence  theory.  Alternately,  cloud  circulation 
as  a  function  of  time  may  be  calculated  directly  from  the  model  by 
adapting  Kelvin's  theorem.  This  approach  is  more  consistent  with 
atomic  cloud  conditions  since  it  does  not  require  any  assumed  steady- 
state  vortex  form. 

Finally,  it  is  proposed  that  the  centrifugal  throwout  of  particles 
by  the  vortex  flow  be  represented  by  a  turbulent-diffusive  dispersion. 
For  both  large  and  small  particles,  the  rate  of  this  turbulent-diffusive 
dispersion  is  shown  to  be  small  compared  with  the  rate  of  gravitational 
fallout. 


LIST  OF  SYMBOLS 


a  horizontal  seml-axla  of  cloud,  or 

acceleration,  or 
vortex  cross-section  radius 

b  vertical  semi-axis  of  cloud 

Cjj  drag  coefficient 

c^  specific  heat  of  gas  at  constant  pressure 

D  turbulent  diffusion  coefficient 

E  turbulent  kinetic  energy  per  unit  mass 

turbulent  kinetic  energy  per  unit  raaso  per  unit  wave  number 
Fr  Froude  number 

g  acceleration  of  gravity 

H  enthalpy 

turbulent-diffusive  particle  flux  density 
I  horizontal  projection  of 

kg  ompirical  constant  (In  eddy  viscosity) 

kj  empirical  constant  (in  dissipation  rate) 

k4  empirical  constant  in  turbulent  diffusion 

k  wave  number  1/X 

f  characteristic  large-scale  length 

m  mass  of  cloud 

n  concentration  of  particles  of  a  given  size 

p  pressure,  or 

particle  falling  rate 
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R  cloud  radius 

Re  Reynolds  number 

r  radius  of  cloud,  or 

particle  radius 

S  surface  area  of  cloud 

s  curvilinear  coordinate 

T  temperature,  or 

vortex  energy 

t  time 

u  vertical  velocity,  or 

large-scale  velocity 

V  volume  of  cloud 

V  characteristic  velocity,  v  =  max  (luj,  /SF)  I  or 
turbulent  velocity 

W  total  explosion  energy  (kilotons) 

y  length  coordinate 

z  vertical  coordinate 

r  circulation 

e  energy  dissipation  rate  per  unit  mass 

K  vortex  circulation 

\  empirical  constant  (in  entrainment  rate)  or 

eddy  size 

(i  viscosity 

p  kinematic  viscosity  Qi/p  ) 

& 

p  densd.ty 

T  relaxation  time  of  accelerated  particle,  or 

local  transfer  time  of  turbulent  energy 
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u  radial  coordinate  of  vortex  ring 
o 

^  total  particle  flux 

SUBSCRIPTS 
a  air  (dry  air) 

e  ambient  (environment)  conditions 

g  gravitational 

o  Kolmogorov  microscale  values;  or 

initial  values 

p  particloi  or 

constant  pressure 

t  turbulent 

\  values  for  eddies  of  size  X 
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COMPARISON  OF  NUCLEAR  FATXOUT  MODELS* 


M.  Polar. 

Ford  Instrument  Company 
Long  Island  City,  N.Y. 


ABSTRACT 

The  fallout  prediction  models  presented  at  the  1962 
USNRDlr-DASA  fallout  Symposium  «rlll  bo  discussed.  They  In¬ 
clude  those  duvelopod  or  used  by  the  following  agencies; 
RAND  Clorp.  (simplified  version),  Weapon  Systems  Evaluation 
Group.  Dofense  Intelligence  Agency,  Notional  Resource 
Evaluation  Center  (Dusty  III),  NRDL  (D  and  Ml Her- Anderson ) , 
Ford  Instrument  Co.  (T),  Technical  Operations  Research, 
University  of  California  Civil  Defense  Research  Project 
and  Lawrence  Radiation  Laboratory  (Dr.  Knox's  and  Dr. 
Shelton's),  U.S.  Army,  U.S,  Navy  (RADFO),  U.S.  Weather 
Bureau,  Sandla  Corp.  (Dropsy),  AN/OMQ-18,  AN/OMQ-21,  and 
U.S.  Ji.rmy  Signal  Corps,  most  of  which  are  currently  con¬ 
sidered  valid. 

The  models  simulate  the  transport  and  deposition  of 
fallout  In  one  or  the  other  of  two  ways: 

1,  A  single  effective  fallout  wind  (EFW)  is  used  to 
simulate  the  horizontal  wind  field,  and  the  size  and  shape 
of  the  fallout  contours  are  a  function  (explicit  or 
ImpllcU)  of  this  El'W  and  the  yield. 

2.  A  multilayer  wind  field  Is  used,  the  nuclear 
cloud  la  partitioned  (by  horizontal  slicing  and  by  group¬ 
ing  oi  particle  sizes)  Into  small  elements  (wafers),  and 
the  trajectory  of  each  wafer  Is  computed. 

The  EFW  models  are  found  to  be  suitable  for  use  when 
computing-speed  requirements  outweigh  the  accuracy  re¬ 
quirements  (multiburst  operations  analysis  and  ml.litary 
field  operations).  The  water  models  are  found  to  be 
suitable  when  the  requirements  are  reversed  (In  scientific, 
engineering,  and  military  studies,  including  predicting 
fallout  at  nuclear  tost  sites). 


^Bosed  on  work  performed  for  USNRDL  under  contract 
No.  N228(62479)621B5,  Bureau  of  Ships  Subproject 
SF  011  05  12,  Tusk  0506. 
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Tho  XollowiUK  modul  choruc  lorlat  lc«  will  In;  conipurotl ; 
thi?  oXXc'ctH  ol  initial  burst  contli  1  ittiis ,  tin;  dimensions 
of  the  micloar  cloud  at  the  start  of  transport,  the  distri¬ 
bution  of  radioactivity  within  the  cloud,  tho  activity- 
purtlcle-slzo  distributions,  and  tho  doso  rate  normnll- 
tsntion  factor.  Fallout  contours  from  various  models  will 
bo  compared  utid  tho  variations  discussed. 


INTRODUCTION 


I  would  llku  to  acknowledK^'  the  asalMtancc  ^Ivon  uh  by  some 
thirty  puople  who  have  helped  clarify  our  concepts  of  tho  models, 
who  have  provided  us  with  valuable  Information  not  available  In  tho 
published  lltoraturoi  and  who  have  reviewed  our  analysos  of  tholr 
models.  Rather  than  take  tho  time  to  read  such  a  list,  1  refer  you 
to  tho  report ,  whore  they  are  all  listed,  and  extend  a  general  and 
grateful  "thank  you"  to  all  who  are  now  present. 

Wo  will  discuss  a  classification  scheme  for  the  nuclear  fallout 
models,  presented  at  tho  1962  USNRDL-DASA  Fallout  Symposium,  and  wo 
will  compare  some  of  their  major  characteristics.  A  detailed  analysis 
of  tho  fallout  models  will  bo  available  In  a  USNRDli-TRC  publication 
currently  being  reviewed.  Then,  from  an  analysis  of  the  homework 
predictions  In  progress,  we  will  sample  some  features  of  the  predicted 
patterns  that  should  be  of  interest  to  both  the  developers  of  fallout 
models  and  the  users  of  fallout  predictions. 

CLASSIFICATION  OF  THE  MODELS 

There  are  two  classifications  of  fallout  models,  based  on  the 
methods  used  for  calculating  the  transport  and  deposition  of  fallout. 
All  models  In  one  class  use  a  single  effective  fallout  wind  (EFW)  to 
simulate  tho  horizontal  wind  field;  all  models  in  tho  other  class  use 
a  multilayer  wind  field. 

Tho  EFW's  are  constant  with  altitude,  and  with  one  exception, 
are  constant  with  time  and  downwind  distt.nce  (DWD) .  However,  there 
are  enormous  variations  among  tho  EFW's  derived  from  a  single  wind 
sounding  for  tho  several  models. 


MohI  ol  tlio  EW  mmlols  contain  u  submodel  oi  some  sort  to 
prodlci  the  micloar  clniul.  The  shapes  and  dimensions  of  the  pro- 
dlitud  clouds  vary  cons iilerubly  from  model  to  model,  as  do  also  the 
spullul  and  part lcle-si^o  distributions  of  activity  within  the  clouds. 
Tile  clouds  In  the  El'W  models  ore  not  partitioned  into  discrete  elements ; 
tlint  Is,  the  cloiuls  are  not  sliced  by  horizontal  pianos  nor  are  the 
particle  sl/o  runpes  divitlod  Into  groups. 

Tho  sliapos,  sizes,  and  relative  locations  of  fallout  contours 
predicted  by  El’W  models  are  very  dorondont  on  the  physical  assump- 
tloiift-  and  calculationul  techniques  used  in  ouch  particular  model. 

In  fact,  the  shupos  of  the  contours  nro  so  dopondont  on  those  factors 
that  it  is  frequently  easy  to  identify  tho  model  used  by  oxuminlnB  tho 
shape  of  a  predicted  fallout  pattern. 

SLIDE  1 

The  EFW  models  in  the  upper  group  have  been  programmed  for  digital 
oompuLors,  (Tho  WSEG  model  is  sometimes  referred  to  us  tho  Pugh- 
Galluno  model;  the  DIA  model  was  formerly  called  tho  AFIC  model.)  Those 
models  are  suitable  for  largo-scale  nuclear  attack  problems;  that  is, 
for  predicting  fallout  from  largo  numbers  of  bursts  distributed  over 
large  areas,  Manual  prodlotion  toohnlquos  (slide  rules,  tables,  graphs, 
nomographs)  dovclopocl  for  those  models  represent  their  loss  Important 
applications.  Tho  two  models  in  tho  lower  group  are  designed  for 
manual  solution  under  military  field  conditions,  including  ships  at 
sou. 

Only  in  tho  EFW  models  is  there  explicit  consideration  of  cross- 
wind  shear.  Tho  exact  definition  of  crosswinci  shear  and  the  altitude 
layer  for  which  it  is  calculated  vary  from  model  to  model.  However, 
the  following  may  bo  considered  a  general  definition  of  crosswind 
slioar  for  tho  computer  programmed  EFW  models.  It  is  tho  change  in 
speed  of  the  wind  components  perpendicular  to  the  ElTtf  with  altitude, 
in  some  cloud  layer. 
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The  RAND  model  contours  are  based  on  a  zero  crosswind  shear. 

The  WSEG  and  NREC  (National  Resource  Evaluation  Center)  models  accept 
the  crosswind  shear  as  an  Input,  but  NREC  always  uses  one  of  four 
values  that  are  dependent  upon  weapon  yield  and  time  of  year.  A 
typical  crosswind  shear  was  assumed  In  the  development  of  the  DIA 
model;  It  cannot  bo  varied  from  prediction  to  prediction. 

The  equivalent  general  definition  of  crosswind  shear  for  the 
lovier  group  of  models  can  be  considered  to  be  the  angle  subtended  by 
a  wind  hodograph  drawn  for  the  winds  between  two  significant  cloud 
levels.  In  the  Army  model  the  contours  occupy  a  downwind  sector  equal 
to  this  angle,  using  40°  as  the  minimum  for  the  angle.  In  the  RADFO 
model,  this  angle  is  used  primarily  to  select  the  proper  shape  for  the 
fallout  contour. 

The  hotlines  In  the  RAND,  WSEG,  DIA,  and  Army  models  are  always 
straight  linos,  and  the  contours  are  always  linearly  symmetrical  about 
the  hotline.  The  NREC  model  produces  a  hotline  that  curves  to  reflect 
changes  in  the  500-mb  wind  with  time  and  with  location  on  the  earth's 
surface,  as  well  as  the  effects  of  the  curvature  of  the  earth.  What  ii 
essentially  the  WSEG  model  is  then  applied  to  the  curved  hotline,  with 
downwind  distance  measured  along  the  hotline  and  crosswind  distance 
perpendicular  to  it. 

The  RADFO  model  is  the  only  EFW  model  that  can  produce  contours 
that  are  not  symmetric  about  some  axis. 

SLIDE  2 

In  all  fallout  models  in  tho  other  class,  the  clouds  are  sliced 
by  horizontal  planes,  and  the  slices  arc  partitioned  by  particle-size 
grouping  into  wafers,  which  arc  also  called  discs  and  fallout  incro- 
monts.  The  wafer  models  are  intended  for  use  with  multilayer  wind 
fields  rather  than  single  EFW's.  Inherently  (at  the  cost  of 
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incroascti  computation  time)  thoy  cun  predict  more  accurately  and 
realistically  sliupud  contours  than  can  the  EFW  models. 

The  wafer  models  fall  Into  three  groups.  First,  there  are  those 
that  are  systematized  as  computer  programs.  The  LRL-b  model,  presented 
by  Dr.  Knox  in  19C2,  contains  a  barotroplc  atmospheric  submodel  for 
prodicling  the  winds  during  fallout.  The  Civil  Defense  Research 
Project  (CDRP)  model  is  a  special  transport  submodel  that  uses  wind 
statistics  representing  several  years  of  local  wind  records  to  estimate 
and  reduce  tlie  error  in  the  predicted  landing  point  of  each  wafer. 

This  transport  submodel  can  bo  used  with  almost  any  cloud  submodel. 

The  second  group  comprises  the  wafer  models  that  arc  manually 
solved.  The  Technical  Operations  Research  (TOR)  model  was  developed 
for  general  or  operations  analysis  studies,  and  the  Signal  Corps  model 
was  developed  for  military  field  use.  However,  manual  predictions  with 
wafer  models  are  too  time  consuming  for  those  applications,  and  EFW 
models  are  now  used. 

The  LRL-h  model  (which  was  to  have  been  presented  by  the  late 
Dr.  Shelton  in  1962)  and  the  U.S.  Weather  Bureau  (USWB)  model  both  use 
what  we  call  fallout  hodographs  to  simulate  the  transport  of  fallout. 
These  are  wind  hodographs  with  lines  drawn  from  ground  zero  tlirough  the 
wind  vectors  at  the  heights  of  the  centers  of  the  cloud  slices.  Each 
radial  line  is  the  locus  of  wafer  centers  from  a  particular  cloud  slice. 

The  third  group  consists  of  the  wafer  models  that  are  the  bases  of 
special-purpose  electronic  computers.  Dropsy  is  an  analog  computer 
used  by  Sandla  Corporation  to  simulate  transport  of  fallout.  It  re¬ 
quires  inputs  calculated  from  some  cloud  submodel.  The  model  that  was 
used  in  this  computer  has  been  programmed  for  a  digital  computer 
subsequent  to  the  1962  symposium. 
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The  AN/GMQ-18  analog  computer  has  been  used  during  the  past:  decade 
to  study  the  effects  of  motorologlcal  parameters  on  fallout.  The 
AN/OMQ-21  is  a  special-purpose  digital  computer  design  based  on  the 
Ford-T  fallout  model.  It  has  never  boon  built.  It  appears  that  the 
rapid  growth  in  general-purpose  digital  computer  technology  has  reduced 
the  importance  of  special-purpose  computers. 

SLIDE  3 

The  models  shown  here  contain  a  height-of-burst  adjustment  (HOBA) 
for  elevated  bursts;  no  adjustment  of  this  sort  Is  made  in  any  of  the 
other  models.  The  HOGA  enters  info  dose- rate  calculations  in  the  same 
manner  as  does  the  f ission-to-total-yleld  fraction  (F) .  That  is,  the 
dose-rate  value  for  a  surface  burst  is  directly  proportional  to  the 
product  of  the  yield,  the  fission  fraction,  and  the  normalization  factor 
(W'F’NF).  For  an  elevated  burst,  the  dose-rate  value  is  directly  pro¬ 
portional  to  the  product:  W«F‘NF*HOBA. 

Let  us  note  some  of  the  more  obvious  intermodol  differences  in 
the  HOBA.  In  the  Ford-T,  NREC,  and  Signal  Corps  models,  the  HOBA  is 
based  on  the  ratio  of  the  height  of  burst  to  the  radius  of  the  fire¬ 
ball  (HOB/R),  where  the  various  expressions  lor  R  are  as  shown  on  the 
slide.  This  approach  was  also  used  in  the  USWB  model  until  1955,  so 
it  is  shown  hero  only  for  background.  In  the  LRL-h  model,  the  HOBA  is 
based  on  the  ratio  of  the  depth  of  burst  to  the  depth  of  the  apparent 
crater  (DOB/DAC).  Graphs  showing  this  ratio  for  various  types  of  soil 
are  available  in  LRL  publications. 

The  0,4  and  1/3  exponents  of  yield  cause  a  50‘':  difference  in 
fireball  radius  for  a  1-MT  yield.  The  difference  decreases  v/ith  lower 
yields  and  increases  with  higher  yields.  For  HOB/R  ”0,5  as  computed 
by  the  several  models,  the  resulting  HOBA's  range  from  0.2  to  0.85. 

With  the  next  four  slides  we  will  compare  tlio  heights  used  for 
the  top  and  the  bottom  of  the  cloud  cap  by  the  various  models,  for 
land-surface  bursts  at  moan  sea  level. 
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SLIDES  4  and  5 


This  and  the  next  slide  (5)  show  the  heights  used  lor  the  top  of  the 
cloud  cap  as  determined  by  the  various  models.  That  shown  for  tlio  NIIDL- 
D  model  is  the  cap-top  height  at  the  cessation  of  cloud  rise.  Wo  see 
that  for  a  10-MT  yield,  the  cap-top  heights  vary  between  approximately  64 
and  115  kilofoot.  For  a  10-KT  yield,  the  heights  vary  between  21  and  33 
kilof oot . 

SLIDES  6  and  7 

This  and  tlic  next  slide  <7)  show  the  heights  used  for  the  bottom  of 
the  cloud  cap.  (Tlio  bottom  of  the  whole  cloud  is  used  for  clouds  that 
have  no  stems.)  Those  liolglits  vary  between  36  and  74  kilofoot  for  a  10- 
MT  yield,  and  between  10  and  21  kilof eet  for  a  10-KT  yield.  Thus  for 
both  yields ,  a  range  of  heights  of  approximately  2  to  1  is  shown  for  the 
cap  heights . 

These  intormodol  variations  in  the  height  of  the  cloud  cap  must 
inevitably  cause  variations  in  the  predicted  fallout  patterns.  They 
indicate,  too,  that  the  applicable  wind  levels  vary  from  model  to 
model.  It  is  possible  that  the  variations  in  other  model  character¬ 
istics,  such  as  particle-size  distributions,  settling-rate  equations, 
and  the  like,  exist  in  part  to  compensate  for  the  variations  in  cap 
heights. 

SLIDE  8 

This  and  the  next  two  slides  (9,10)  show  the  activity  particle- 
size  distributions  used  in  the  cloud  submodels.  In  general,  the  higher 
tile  curve  lies  on  the  graph,  the  larger  the  mean  logarithm  of  the 
particle  diameter.  The  slope  of  the  curve  indicates  the  kurtosis  of 
the  distribution,  with  the  smaller  slopes  or  more  horizontal  curves 
representing  the  more  peaked  distributions.  In  the  waier  models  these 
distributions  may  be  divided  into  as  few  as  3  or  as  many  as  200 
particle-size  groups. 
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Activity-part Iclo-siEu  diatribuLions  used  Inr  the  cloud  caps  urc 
shown  on  this  slide.  The  USWR(J-S)  distribution  has  boon  made  available 
since  the  1962  Symposium.  It  was  developed  from  Johnlo  Doy-Small  boy 
tost  data.  The  RAND  model  uses  two  distributions;  the  one  sliown 
represents  95^  of  the  total  cloud  activity  and  is  spread  uniformly 
throughout  the  whole  cloud.  The  NRDL-D  distribution  is  used  for  the 
whole  cloud;  it  is  shown  here  for  comparison. 

SLIDE  9 

This  slide  shows  distributions  used  for  the  cloud  stems.  The 
RAND  distribution  shown  here  represents  the  remaining  bio  of  total  cloud 
activity  and  is  spread  uniformly  throughout  the  lower  1/5  of  the  cloud. 
The  activity  in  this  distribution  is  generally  associated  with  particles 
larger  than  those  used  in  the  stems  of  the  other  models.  This  may  bo 
considered  to  compensate  for  the  fact  that  the  cloud  has  no  stem,  and 
thus  there  is  no  activity  between  the  bottom  of  the  cloud  cap  and  the 
ground.  The  stem  distributions  shown  for  the  other  models  all  lie 
between  the  bottom  of  the  cloud  cap  and  the  ground-zero  surface.  All 
stem  distributions  are  associated  with  particles  larger  than  those  used 
in  the  cap  distributions. 

SLIDE  10 

This  slide  shows  actlvity-partlcle-sizo  distributions  used  by  the 
models  that  use  only  a  single  distribution  for  the  whole  cloud.  Notice 
particularly  the  NRDL-U  model  coral  and  Nevada  soil  distributions. 

These  two  distributions  were  used  in  the  only  homework  problem  reply 
for  two  cases  that  differed  only  In  the  type  of  soil. 

The  Nevada  soil  distribution  has  a  smaller  mean  but  a  larger 
standard  deviation  than  the  coral  distribution.  Note  that  in  the 
distribution  with  the  smaller  mean,  of  the  activity  is  associated 
with  particles  greater  than  700  microns  in  diameter,  while  in  the 
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distribution  with  the  larger  mean  only  7'^  of  the  activity  is 
associated  witli  the  same  very  large  particles.  Tlie  effects  of  these 
two  distributions  will  be  sltown  shortly. 

SLIDE  11 

The  vortical  distributions  of  activity  for  a  20-KT  land-surl'aco 
burst  at  moan  sea  level  are  shown  on  this  slide.  Although  the  geometry 
of  the  LiRL-h  cloud  is  a  right  circular  cylinder  centered  above  ground 
lioro,  the  activity  is  distributed  in  a  typical  musliroom  shape,  The 
Ford-T  model  shows  tliat  about  of  the  stem  activity  is  locked  onto 
the  ground-zero  site.  For  tills  yield,  some  of  the  wafers  in  the 
NRDL-D  model  have  landed  by  the  time  the  cloud  has  ceased  to  rise, 

SLIDE  12 

This  slide  shows  the  vertical  distributions  of  activity  for  a 
20-MT  burst.  Note  that  the  greater  part  of  the  activity  in  the  RAND 
and  WSEG  clouds  is  lower  than  it  is  in  most  of  the  other  clouds,  For 
a  20“MT  burst,  the  lowest  wafers  in  the  NRDL-D  cloud  are  still  some 
30  kilofeet  above  mean  sea  level  at  the  time  the  cloud  ceases  to  rise, 

The  activity  is  assumed  to  be  constant  along  the  wafer  diameters 
in  all  wafer  models  except  the  Dropsy,  in  which  the  activity  has  a 
Gaussian  distribution  along  the  wafer  diameters, 

SLIDE  13 

The  normalization  factors  used  in  the  various  models  are  shown 
here.  Models  for  which  a  numerical  value  is  listed  under  Realistic 
Flat  Terrain  predict  dose  rates  for  3-foot  height  above  realistic  flat 
terrain.  The  other  models  predict  dose  rates  for  a  3-foot  Jieight  above 
an  ideally  smooth  infinite  plane. 

RAND  used  a  normalization  factor  (NF)  of  1200  for  the  homework 
problems.  The  values  of  the  shielding  factors  used  in  the  DIA  model 
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nro  «tll3  classified.  For  flat  terrain,  n  vuliie  of  (“)  vouicl  bo  used, 
resultinR  in  NF  =  (*)  for  realistic  flat  terrain. 

Within  each  model,  u  predicted  dose  rate  is  directly  proportional 
to  the  NF.  However,  the  dose-rate  levels  predicted  by  the  various 
models  for  the  same  conditions  frequently  do  not  show  correspondence 
witli  tlic  NF's  used  In  the  models. 

SYMPO.SIUM  HOMEWORK  PROBLEMS 


SLIDE  14 

The  effective  fallout  winds  used  in  the  EFW  model  predictions  are 
listed  hero.  Dashes  in  the  llstinp;  represent  cases  in  which  the  yields 
were  outside  the  yield  range  of  the  particular  model.  The  conventional 
direction  for  winds  Is  the  direction  from  which  the  wind  is  blowing, 
measured  clockwise  from  north,  Wo  derived  the  EFW's  for  the  BADFO 
model  by  using  the  procedures  given  in  ATP-25, 

In  Case  I,  the  winds  used  as  inputs  to  the  EFW  models  varied  in 
direction  by  nearly  90  degrees  and  in  speed  by  a  factor  of  approxi¬ 
mately  5.  The  largo  variations  in  the  EFW's  have  caused  intormodel 
variations  in  the  predicted  contours  that  cannot  bo  explained  solely 
in  terms  of  tlio  contents  of  the  models  themselves. 

The  variations  in  the  direction  of  the  predicted  contours  are 
directly  related  to  the  variations  in  the  directions  of  the  EFW's. 

In  some  cases,  the  predominant  effect  of  using  n  higher  rather  than  a 
lower  value  for  EFW  speed  is  an  incrense  in  the  size  of  all  contours. 

In  other  cases,  higher  values  of  EFW  speed  cause  a  relative  decrease 
in  the  size  ol  contours  for  high  dose-rate  values  and  relative  increase 
in  the  size  of  contours  for  low  dose-rate  values. 


(*)  Values  omitted  for  security  reasons. 
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This  slide;  shows  Lho  dose  rate  normalized  to  H+1  hours  (DU)  ns  n 
function  of  downwind  distance  (DWD)  for  a  15-MT  yield.  The  predicted 
contours  with  the  highest  values  wore  obtained  with  the  Signnl 
Corps  modol,  which  used  the  lowest  reported  normalization  factor 
(NF  =  689).  In  the  two  NRDL  predictions,  the  Nevada  soil  dlstrll)Ut.  ion 
yielded  higher  DR  values  close  to  ground  zero  and  lower  values  at 
moderate  distances  from  ground  zero,  than  did  the  coral  distribution. 
This  was  to  bo  expected  when  one  considers  the  combined  effects  of  the 
moans  and  standard  deviations  of  those  two  distributions.  At  DWD's 
greater  than  200  mllos,  botit  distributions  produced  essentially  the 
same  dose  rates. 

Little  can  bo  said  about  the  AN/GMQ-18  analog  computer  prediction! 
because  we  have  been  unable  to  obtain  details  concerning  the  cloud 
submodel  it  contains, 

SLIDE  16 

This  slide  shows  Infinite  dose  for  a  1-MT  yield  as  a  function  of 
DWD  and  the  area  enclosed  by  the  contours.  Surprisingly,  it  shows 
that  tho  Ford-T  model  contours  baaed  on  an  NF  «  900  enclose  much 
larger  areas  than  do  the  IRL-h  model  contours  based  on  an  i.T  =  2700, 

I  suspect  that  the  Army  point  agrees  well  with  the  other  (wafer  modol) 
contours  because  the  winds  In  this  case  contained  large  directional 
variations.  1  also  suspect  that  this  agreement  may  not  occur  In  cases 
where  the  wind  is  more  uniformly  directed. 

SLIDE  17 

The  dose-rate-contour-area  characteristics  for  a  20-ton  yield 
In  vertically  uniform  10-knot  and  40-knot  wind  fields  are  compared 
here.  The  DIA  40-knot  plot  is  slightly  less  steep  than  the  10-knot 


plot,  ami  all  Lho  DIA  contour  lor  tlio  hl(fhor  wind  oncloso  lufKor 
aroas  than  thoy  do  for  tho  lower  wind.  Tho  NRDL-I)  model  produces 
higher  dose  rates  closc-in  lor  the  10-knol  wind  tlian  It  does  lor  tho 
40-knot  wind,  but  there  is  only  a  slight  docrenHo  in  contour-onciosod 
areas  further  downwind.  Thu  Ford-T  model  contour  shows  tho  offoct  of 
no  cap  wafers  having  landed  within  this  DWD  range, 

SLIDE  18 

This  and  tho  next  slide  (19)  shows  Identical  parameters  for  n 
10-MT  burst  in  a  10-knot  and  a  40-knot  uniform  wind  field,  respec¬ 
tively.  This  slide  shows  that  tho  RAND  and  NRDL-D  plots  for  tho 
10-knot  wind  field  are  very  similar,  Tho  two  models  also  coincide 
over  parts  of  their  range  in  tho  plots  for  tho  40-knot  wind  field. 

SLIDE  19 

There  is  a  tendency  for  the  high  dose-rate  levels  close  to  ground 
zero  (within  approximately  300  miles)  for  the  10-knot  wind  field  to  bo 
completely  missing  in  tho  plots  for  tho  40-knot  wind,  There  is  also  a 
tendency  for  areas  within  very  low  dose-rate  contours  to  Jneroaso 
significantly  in  tho  case  of  the  40-knot  wind.  For  example,  the 
5-roentgon/hour  NRDL-D  and  DIA  dose-rate  contours  for  tho  10-knot  wind 
enclose  ureas  of  approximately  17,000  and  29,000  square  miles,  respec¬ 
tively,  For  tho  40- knot  wind,  tho  areas  are  approximately  66,000  and 
8H,000  square  miles  for  tho  same  dose-rate  level. 

The  homework  predictions  indicate  that  there  are  at  least  two 
additional  problem  areas  yet  to  bo  tackled.  Tlio  first  is  to  define 
the  upper  limit  of  fallout.  Some  models  always  consider  the  activity 
locked  in  the  crater  to  bo  tho  hottest  point  in  the  fallout  field,  and 
then  show  decreasing  activity  with  downwind  distance,  Otltor  models 
consider  the  only  activity  in  tho  cloud  to  be  fallout,  and  thus,  as  in 
the  WSECi  model,  always  predict  the  highest  dose  rates  downwind  of 
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Urcnind  /.ei’o.  Still  ollujr  ino(k>l.s  iiioih-  nr  loss  Iniwn  inrlllsJnii  nl  r,t'niiiiil 
zoro  In  Dm  upwind  niids  nl  the  cniilniirH  to  I  lie  .iudn'tiK.Mi  t  of  l  tin  ninilnl 
user. 

The  st'cond  proltlniii  uroit  is  tlu;  oriors  introduced  into  t.lio  i'allnut 
predictions  by  the  cnlculnt  ioiuti  i  otdin  1  qiios  iisod.  Oik:  oxaiiiplc  is  the 
dotorminatlon  ol'  the  mlniimtm  nuiiitjcr  <il'  waXors  nocossary  to  provont 
sevoro  distortion  oX  cotitours.  Ilomowork  predictions  produced  l)y  Di<! 
CDRP  model  sliow  circles  drawn  aroutid  individual  waXors,  Plots  Xroiii 
otlicr  iiiodols  sliow  several  isolated  contours  Xor  tlio  same  normal  l/aul- 
dose-rato  value,  Judf’inn  by  our  own  experience  in  runnJnn  Xallout  pre¬ 
dict  ion^;  with  various  numbers  oX  waXers,  those  contotir  separnllons  are 
due  to  misinterpret  at  ions  iH>sultln(>  Xrom  the  use  ot  insuX t  Ic i (uit 
numbors  oX  waXers,  Evoti  with  the  NRDL-D  and  Pord-T  models,  both  oX 
which  use  thousands  oX  waXers,  it  is  soniotimes  diX'Xlettlt  t.o  ,)ud(t(‘  the 
locations  oX  tho  conttutrs,  In  some  cases,  cthunftliin  the  map  wealth  lot* 
the  predlctod  pattt.'i’n  protlttcos  a  2  to  1  change  In  the  area  enclosed  by 
some  contoitrs. 
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KFW  MODELS 


1.  Computer  Programmed 


RAND 

WSEG 

NREC 

DIA 


mulUburst  operations  analysis 


2.  Manual 


ARMY  T 
RADFO  j 


simple  field  predictions 


Fig.  1.  ''.••W  Models 
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WAFER  MODELS 

1.  Computer  Programmed 

NRDL-D 

Ford-T 

LRL-b 

Mlller-Anderaon 

CDRP 

2.  Manual 
TOR 

Signal  Corps 

LRL-h 

USWB 

3.  Electronic  Systems 
Dropsy 

AN/GMQ  -  18 
AN/GMQ  -  21 


Fig .  2 .  Wafer  Models 
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«  •  HOB/R  •!  R"  IBOWp''*,  FORD-T 

[  R-te4w''’.  USWBIpr*-l995),SI0C 

«  •  OOB/OAC  FOR  URL-h 

Height -of -Burst  Adjustments 


PARTICLE  DIAMETER  (MICRONS) 


accumulated  activity  (%) 


Fig.  8.  Aotivity-Particle-Slze  Distribution 
(Cloud  Caps) 
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Fig.  10.  Activlty-Particle-Size  Distribution 
(Whole  Clouds) 
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RELATIVE  ACTIVITY 


RELATIVE  ACTIVITY 


RELATIVE  ACTIVITY 


Fig.  11.  Vertical  Distribution  of  Activity  for  a  Land-Surface  Blast 
at  MSL  (20-KT  Yield) 


rttRMALIZATlON  FACTORS 


NF  (r/hr  p«r  KT/tq.»t.mlle) 


Model 

Ideal  Plane 

Realistic  Fli 

HAND 

1200-2660 

.... 

WSEG 

2400 

— 

NREC,  CDRP 

2500 

.... 

TOR 

1580 

870 

Ford-T 

1200 

900 

NRDL-D 

1682 

1093 

LRL-h,LRL-b 

3380 

2700 

Signal  Ca^'ps. 

984 

689 

USWB 

1500 

1050 

Dropsy 

2585 

.... 

jlA 

ilor 

»  * 

Fig.  13.  Nornwllzatlon  Factors 
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EFFECTIVE  FALLOUT  WINDS 
(Speed  in  knots/ConvenWonal  direction  In  degrees) 


Model 

Case  I 

HAND 

7/343 

WSEG 

21/287 

DU 

4. 1/258 

RADFO* 

ARMY 

19/273 

Case  111 

Case  V 

— 

25/294 

16/189 

11/342 

22/197 

22/292 

21.5/192 

15/299 

15/186 

17/325 

Pig.  14.  Effective  Fallout  Winds 
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Fig.  18.  DR  as  a  Function  of  Area  (Case  X) 
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TKAiNSPORT  AND  OUTPUT  PROCESSOR  MODULES  FOR 
THE  DOD  FALLOUT  PREDICTION  SYSTEM 


T.  W.  Schwenke 

TcchnicJvl.  Op>cratlons  Research 
Burlington,  Massachusetts 


ABSTRACT 


1.  The  Transport  Module 

The  specific  purpose  of  the  transport  module  is  to 
accept  a  list  of  fallout  particle  properties  and  positions 
and  mathematically  transport  these  particles  through  a 
temporally  and  spatially  varying  wind  velocity  field  until 
they  land  on  the  ground  or  until  the  researchers'  interests 
are  otherwise  satisfied.  The  transport  module  has  been 
divided  for  sake  of  flexibility  and  ease  of  construction 
into  three  major  programs,  each  of  which  forms  a  separate 
chain  link.  These  three  links  have  the  following  general 
purposes: 

Link  1.  Initialisation  and  control 

Link  2,  Wind  field  description 

Link  3.  Particle  transport. 

The  wind  field  descriptions  are  accomplished  as  follows. 

A  Cartesian  coordinate  system  with  origin  at  ground  zero  is 
established.  With  reference  to  this  coordinate  system,  grid 
nets  are  specified  in  horizontal  planes  at  arbitrarily  spaced 
intervals  in  the  vertical  direction,  Tne  user  provides  a 
data  set  of  wind  vectors ,  arbitrary  in  number  and  independent 
of  the  grid  system,  that  then  is  expanded  and  smoothed  to 
yield  interpolated  or  extrapolated  wind  vector  components  at 
each  grid  point.  Three  interpolation  options  are  available 
for  use  in  the  data  expansion  calculations.  In  addition  to 
this  so-called  macro-wind  description  system,  provision  is 
made  for  representation  of  certain  special  local  circulation 
systems  by  analytical  models.  Specifically,  models  for 
mountain  winds  and  sea  breezes  will  be  provided.  The  regions 
controlled  by  these  models  are  bounded  by  planes  perpendicular 
to  the  coordinate  axes.  Inside  these  regions,  wind  vectors 
are  computed  for  specific  circulation  model  parameters. 

Temporal  variation  of  the  wind  field  is  achieved  by  periodically 
replacing  the  entire  wind  field  description  data  set.  The 
period  of  data  replacement  is  specified  by  the  user.  Topo¬ 
graphic  variation  of  ground  height  is  accomplished  by 
specifying  elevation  heights  of  blocks  in  a  grid  system  that 
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can  be  subdivided  Indoilnltely  to  yield  any  resolution  of 
detail  desired.  Topography  of  mountains  covered  by  a 
mountain  wind  model  cell  Is  described  by  an  analytical 
mountain  shape  function. 

Particle  trajectories  through  the  atmosphere  are  com¬ 
puted  in  steps  between  boundaries  defined  by  the  grid-array 
planes.  Lateral  particle  motion  is  taken  as  equal  to  that 
of  the  air  currents.  Vertical  motion  is  taken  as  the  sum 
of  vertical  air  current  motion  and  the  terminal  settling 
velocity  computed  for  a  sphere. 


2 .  The  Output  Processor  Module 

The  Output  Processor  of  the  DOD  Fallout  Prediction 
System  Is  a  very  flexible,  highly  modular  computer  program 
for  use  in  the  interpretation  of  data  representing  grounded 
subdivisions  of  the  radioactive  cloud.  It  accepts  descrip¬ 
tions  of  grounded  cloud  subdivisions,  interprets  them  into 
a  two-dimensional  memory  array  or  map  image,  and  then 
prints  the  resulting  array  in  a  form  suitable  for  viewing 
as  a  map.  The  interpretation  processes  required  of  the 
Output  Processor  are  the  computation  of:  (1)  dose  rate 
"normalized"  to  H  1  hour,  (2)  dose  rate  at  a  specified 
time,  (3)  dose  accumulated  between  two  specified  times,  and 
(4)  particle  mass  deposited  per  unit  area. 
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INTRODUCTION 


In  this  paper  we  consider  the  t'-'o  final  modules  of  the  DOD 
Fnllout  Prediction  System:  the  Transport  Module  and  the  Output  Pro¬ 
cessor.  Figure  1  represents  the  basic  progra.n  modules  of  the  predic¬ 
tion  system  and  shows  the  sequence  of  their  execution.  At  transport 
time,  previously  executed  modules,  spe.^lf Ically  the  Initial  Conditions 
Module  and  the  Cloud  Rise  and  Circulation  Module,  have  prepared  Inputs 
for  the  Transport  Module. 

The  Initial  Conditions,  or  "Fireball,"  Module  begins  with  basic 
weapon  and  envlronmenlal  parameter.^  and  ends  with  the  beginning  of 
entrainment-controlled  rise.  The  Cloud  Rise  and  Circulation  Module 
then  develops  from  these  results  a  description  of  the  distribution  of 
fallout  particles  after  cloud  rise  Jjlrculatlon  is  no  longer  important. 

A  Particle  Activity  Module  may  be  called  at  this  time  to  assign 
radioactivity  to  the  particles  on  the  basis  of  Information  supplied  by 
the  preceding  modules. 

Located  Just  prior  to  the  Transport  Module  Is  another  module 
(not  shown)  that  has  become  known  as  the  Particle  Set  Expansion 
Module  (PSE) . 


PARTICLE  SET  EXPANSION  MODULE 

The  PSE  Module  stands  as  an  interface  between  the  Cloud  Rise  and 
Transport  Modules.  Because  of  computational  limitations,  Cloud  Rise 
must  deal  with  a  small  sample  of  the  particles  that  eventually  form 
the  deposition  pattern.  The  PSE  Module  uses  the  cloud-rise  particle 
sample  to  define  a  larger  set  of  particles  io  be  transported.  Thus, 
It  can  be  said  to  expand  the  set  of  cloud-rise  particles . 
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In  Figure  2,  which  shows  the  operation  of  the  PSG  Modulo,  tlic 
diagram  on  the  left  roproseiiLa  the  distributed  sot  of  particles  that 
results  from  cloud  rise  and  circulation.  The  PSE  Modulo  operates  by 
effectively  loading  and  smoothing  the  original  sample  of  particles 
into  two  three-dimensional  arrays  situated  above  ground  zero.  The  center 
diagram  of  Figure  2  represents  the  relationship  and  subdivision  of 
these  two  arrays,  A  particle-size  mass  distribution  is  determined  for 
each  cell  in  those  arrays  on  the  basis  of  the  sample,  Then  each  coll 
is  subdivided  spatially  and  in  purtlcle-size  ranges  to  define  the 
cloud  subdivisions  and  central  particles  that  will  be  actually  trans¬ 
ported,  The  resulting  particle  sot  represents  an  axially  symmetric 
stabilized  cloud  and  it  is  recorded  on  magnetic  tape  fur  future  use. 

To  account  for  the  effects  of  winds  on  particles  while  tlioy  are 
rising  within  the  cloud  and  after  they  fall  away  from  the  circulating 
part  of  the  cloud,  adjustments  are  next  made  to  the  coordinates  of  all 
cloud  subdivisions,  and  tho  results  are  recorded  on  a  separate  magnetic 
tape  for  use  as  an  input  to  the  Transport  Modulo,  The  resulting  dis¬ 
tribution  in  space  is  represented  by  the  right-hand  diagram  of  Figure  2, 
Note  that  this  distribution  of  particles  (central  particles  of  cloud 
subdivisions)  is  not  axially  symmetric  and  also  that  tho  time  and 
spatial  coordinates  of  each  central  particle  represent  it  at  tho  time 
when  It  left  the  circulating  cloud  and  began  its  free  descent  through 
tho  flowing  atmosphere. 

Summarizing  the  inputs  to  the  Transport  Module,  let  us  consider 
the  elementary  cloud  subdivision  and  its  characterization  as  shown 
in  Figure  3. 

The  PSE  Module  produces  cloud  subdivisions  that  are  rectangular 
boxes  (square  when  viewed  from  above) ,  and  all  have  the  same  character¬ 
istic  length,  B,  at  the  time  of  their  definition.  Each  subdivision 
(central  particle)  is  characterized  by  three  spatial  coordinates,  a 
time  coordinate,  a  (central)  particle  size,  and  the  amount  of  mass  that 
the  cloud  subdivision  represents  . 
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A  largo  number  ol'  those  oloniontary  cloud  subdivisions  (cuntrnl 
particles)  are  recorded  at  the  time  and  ixjsltloii  at  wlilch  they  depart 
from  the  rising  cloud.  At  that  time  they  represent  (on  iiiiiKnotic  tape) 
an  asymmetric  nuclear  cloud  defined  in  such  a  wuy  tliut  it  is  ready  to 
bo  transported  by  the  Transixjrt  Modulo.  Such  an  asyimiiotrlc  cloud  is 
represented  In  Figure  4  within  a  box  that  indicates  the  limits  of  the 
volume  of  atmosphere  for  which  a  wind  velocity  field  is  to  bo  defined. 

TRANSPORT  MODULE 

The  Transport  Modulo  accounts  for  tho  effect  of  atmospheric 
motion  and  results  in  a  distribution  of  fallout  debris  on  tho  ground, 

The  transport  of  cloud  subdivisions  is  roprosontod  pictorlully  in  tho 
left-hand  diagram  of  Figure  5,  Cloud  subdivisions  are  transported 
independently  of  one  another,  and  it  should  bo  noted  that  only  central 
particles  are  actually  handled  by  the  Transport  Modulo.  Output 
processing,  represented  on  tho  right-hand  side  of  the  figure,  interprets 
tho  results  of  the  Transport  Modulo  in  the  light  of  user  requests  fur 
particular  tabulations.  Tho  Output  ProooBSor  in  effect  plots  each 
grounded  central  particle  on  an  output  map,  draws  tho  subdivision's 
boundary  onto  tho  map,  and  then  increments  each  grid  point  that  lies 
within  tho  boundary  by  an  appropriately  computed  amount,  Wo  will 
return  to  discuss  tho  Output  Processor  In  greater  detail  later,  but 
now  lot  us  consider  how  tho  otmosphcrlc  transport  of  partlclos  is 
actually  carried  out . 

Tho  specific  purpose  of  tho  Transport  Modulo  is  to  accept  a  list 
of  fallout  particle  properties  and  positions  and  mathematically  trans¬ 
port  these  particles  through  a  temporally  and  spatially  varying  wind 
velocity  field  until  they  land  on  tho  ground,  or  until  tho  resoarcl\or 's 
Interests  are  otherwise  satisfied.  Tho  Transport  Modulo  has  been 
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(iivided  for  the  Bake  of  flexibility  and  ease  of  construction  Into  three 
major  prug;rain8,  each  of  which  forms  a  separate  chain  link.  These 
three  links  have  the  following  general  purposes: 

(1)  Initialization  and  control 

(2)  Wind  field  description 

(3)  Actual  particle  transport. 

The  wind  field  descriptions  are  accomplished  as  follows.  A 
Cartesian  coordinate  system  with  arbitrary  origin  is  established. 

With  reference  to  this  coordinate  system,  grid  square  arrays  are 
specified  on  horizontal  planes  at  arbitrarily  spaced  intervals  in  the 
vortical  direction.  Figure  6  illustrates  how  such  a  set  of  strata  are 
used  to  fill  the  volume  of  atmosphere  of  interest.  Each  stratum  is 
further  subdivided  into  a  number  of  wind  cells  in  a  regular  manner  as 
is  shown  in  Figure  7. 

To  assign  vectors  to  wind  cells,  the  user  may  specify  as  input 
a  data  set  of  wind  vectors  and  vector  positions.  This  data  set  can 
be  arbitrary  in  number  and  distributed  in  an  arbitrary  manner  through¬ 
out  the  atmospheric  volume  of  Interest .  The  program  then  determines 
and  associates  a  wind  vector  with  each  wind  cell  in  the  volume  of 
interest.  These  wind  cell  vectors  are  based  on  the  input  data,  and 
there  are  three  interpolation-extrapolation  computational  options 
available  for  use  in  determining  them.  In  the  first  option  the 
program  assigns  to  each  wind  cell  the  data  vector  nearest  the  cell's 
center.  The  second  option  uses  the  inverse-distance  weighted-average 
of  the  N  nearest  data  vectors,  where  the  user  is  free  to  specify  the 
number  N.  The  third  option  uses  a  statistically  derived  three- 
dimensional  linear  model  of  the  atmosphere  based  on  the  N  nearest  data 
vectors  to  perform  the  required  interpolation  or  extrapolation  for 
each  cell. 
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MACRO  FIEli)  AND  LOCAL  CELLS 


Thus  far  In  this  paper  we  have  been  considering  only  what  might 
be  called  the  "macro"  wind  field  of  the  prediction  system.  In  addition 
to  this  so-called  "macro-wind  description  system,"  provision  is  made 
for  representation  of  certain  special  local  circulation  systems  by 
analytical  models.  Specif ica.ily,  models  for  mountain  winds  and  sea 
breezes  have  been  provided.  The  regions  controlled  by  these  models 
are  bounded  by  planes  perpendicular  to  the  coordinate  axes.  Inside 
these  regions,  wind  vectors  are  computed  for  specific  circulation  model 
parameters.  Figure  8  represents  three  of  these  local  circulation  cells 
as  they  might  be  superimposed  upon  the  macro  stratum  and  wind  cell 
structure.  The  relationship  between  flows  within  local  cells  and  the 
nearby  macro  wind  cells  can  be  reasonably  maintained  if  the  local 
systems  are  represented  by  perturbation  models.  However,  under  certain 
conditions  other  representations  may  be  appropriate  as  well. 

ACTUAL  TRANSPORT 

Particle  velocity  for  all  particle  transport  is  assumed  to  be 
given  by  the  wind  velociey  (three  dimensional)  at  the  particle  position 
minus  the  stlll-alr  particle-settling  rate.  Settling  rates  arc 
computed  as  a  function  of  particle  size  and  altitude  using  a  tabulated 
(standard)  atmosphere.  The  Davies  "definitive"  equations  for  spheres 
along  with  a  slip  correction  have  been  used.  Within  "macro"  cells, 
particle  trajectories  are  taken  as  straight  lines  and,  thus,  particles 
can  be  moved  from  one  boundary  to  the  next  in  one  computational  step. 
Such  boundary-to-boundary  transport  Is  illustrated  in  two  dimensions 
in  Figure  9.  Generalizing  the  boundary-to-boundary  transport  to  other 
boundaries  such  as  those  of  local  circulation  systems ,  we  see  in 
Figure  10  how  a  particle's  trajectory  is  piecewise  linear  in  the 
"macro"  wind  field  but  smoother  within  a  local  circulation  system  cell. 
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In  addition  to  wind  cell  and  stratum  boundaries,  time  boundaries 
and  topography  boundaries  are  also  used  during  transport,  The 
following  table  is  a  list  and  explanation  of  the  most  important  bound¬ 
aries  used  by  the  transport  program. 


BOUNDATvIES  CONSIDERED  BY  THE 
BOUNDARV-TO-BOUNDARY  TRANSPORT 


1. 

North-South  Vertical  Grid 

6. 

Time  Boundaries 

Planes 

a. 

Time  at  which  the  wind 

2. 

East-West  Vertlcle  Grid  Planes 

field  descriptions  are 

3. 

Horizontal  Stratum  Boundary 

to  be  updated . 

Planes 

b. 

Time  at  which  the  user 

4. 

Vertical  Planes  Which  Bound 
Local  Circulation  Systems 

wishes  the  transport 
to  be  terminated. 

5. 

Ttie  Horizontal  Plane  At  The 

7. 

Topography 

Mfocimum  Topographic  Height 

a, 

flanar  or  pieoewise- 

(not  within  a  local  cell) 

planar  topography  in 
areas  not  covered  by 
local  circulation  cells 

b. 

Analytical  topography 
within  each  local  cir¬ 
culation  system  cell. 

Temporal  variation  of  the  wind  field  is  achieved  by  periodically 
replacing  the  entire  wind  field  description  data  set.  The  period  of 
data  replacement  is  specified  by  the  user. 

With  regard  to  topography,  three  different  methods  of  sj  , 'cH  icas  j.cn 
are  available.  First  the  user  can  specify  a  planar  deposlti  r>  ;u  -c'--; 
at  any  altitude  for  use  in  areas  not  covered  by  local  circulacl'  i,.;  is. 

N 

Alternatively,  a  system  has  been  provided  to  allow  the  user  to  ify 
the  topography  in  a  pieoewise-planar  manner,  such  as  that  illustrated 
in  Figure  11.  A  grid  system  that  can  be  subdivided  indefinitely  to 
yield  any  desired  resolution  of  detail  is  used  to  achieve  the  desired 
resolution  without  the  excessive  redundancy  of  a  strictly  regular  grid. 
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Within  local  circulation  cells  other  topographic  descriptions  must 
be  used.  For  Instance,  the  topography  of  mountains  covered  by  a  moun¬ 
tain  wind  model  cell  is  described  by  an  analytical  mountain  shape 
function. 

The  final  result  of  the  Transport  Module  is  a  list  (written  on 
magnetic  tape)  of  the  Impact  points  and  times  for  all  central  particles 
that  land  during  the  time  of  user  interest .  Included  in  this  11s  t  are 
all  particle  parameters  used  to  characterize  each  elementary  cloud 
subdivision,  the  tabulated  particle-size  mass  distribution  that  was 
the  basis  for  the  original  definition  of  particles,  and,  if  a  Particle 
Activity  Module  calculation  has  been  done,  a  tabulation  of  activity 
vs.  particle  size, 

OUTPUT  PROCESK)B  MODULE 

The  Output  Processor  of  the  DOD  Fallout  Prediction  System  is 
a  very  flexible,  highly  modular  computer  program  for  use  in  the  inter¬ 
pretation  of  data  representing  grounded  subdivisions  of  the  radioactive 
cloud.  It  accepts  descriptions  of  grounded  cloud  subdivisions,  inter¬ 
prets  them  into  a  two-dimensional  memory  array  or  map  image,  and  then 
prints  the  resulting  array  ^n  a  form  suitable  for  viewing  as  a  map. 

The  interpretation  processes  required  of  the  Output  Processor  are 
the  computation  of:  (1)  doso  rate  "normalized”  to  H  +  1  hour, 

(2)  dose  rate  at  a  specified  time,  (3)  dose  accumulated  between  two 
specified  times,  and  (4)  particle  mass  deposited  per  unit  area. 

Time  of  particle  impact  is  appropriately  accounted  for  by  all 
interpretation  options  as  required,  but  doses  and  dose  rates  resulting 
from  cloud  subdivisions  that  are  in  transit  are  not  currently  accounted 
for. 

One  of  the  features  that  distinguishes  this  Output  Processor 
from  prior  work  is  its  treatment  of  map  areas  and  scale  factors .  Map 
limits  in  this  program  as  well  as  scale  factors,  are  decoupled  from  the 
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weapon  and  particle  data  and  are  undei'  the  direct  control  of  the 
uner.  The  user  may  apeclfy  the  coordinate  limits  of  any  rectangular 
map  oriented  parallel  to  the  coordinate  axes.  Virtually  any  scale 
factors  may  be  specified  for  use  and  the  resulting  map  will  be  printed 
automatically  in  as  many  strips  as  are  required. 

Although  at  this  time  the  Output  Processor  can  operate  using 
the  assumption  of  a  single  constant  decay  rate  for  all  cloud  sub¬ 
divisions  ,  plans  have  been  made  to  achieve  a  physically  more  correct 
treatment  of  activity.  The  single  constant  decay  rate  will  remain 
as  an  optional  simple  approximation,  but  modifications  to  the  NRDL 
Particle  Activity  Module  are  now  under  way  at  NDL  to  facilitate  its 
use  within  the  Output  Processor.  When  the  work  is  successfully 
completed  and  appropriate  modifications  and  additions  are  made  to  the 
Output  Processor,  it  will  be  possible  to  estimate  directly  the  effects 
of  fractionation  and  perhaps  even  selected  mass  chains . 


Tho  Basic  Program  Sequence  in  the  DOD  Fallout  Model 


!2S 


OPERATIONS  OF  THE  PARTIOE  SET  EXPANSION(PSE)  MODULE 


ACCEPT  IMCnOLIMAPlE 
RIIIATMI  FRPM  eiMI-llll 
AN»  ClttUUnON  MODULE 


LOAD  lAMniINTD 

IDDPNtCMimNlWRMU 

dDUDWAFtlf 


ADJUST  minOMD  OF 
WAFEKENTfUTOAttOUNT 
FOE  WINN  tURINO  CLOUMUIE 


Pig.  2.  Oparntloni  of  the  Particle  Set  Expansion  (PSE)  Module 
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THE  ELEMEND^RV  CLOUD  SUBPIYISjON  AND  ITS  CHARAeTERlZATk  N 


PARAMrr£RS 

1.  CiNTML  PAHTICLE  SIZE 
e.  MASS  REPRESeNTED 
3.x  COORDINATE  (E-W) 

4-.  Y  COORDINATE  (N'S) 

S.  Z  COORDINATE  (ALT) 

D.  TIME  COORDINATE 


Fig.  3.  The  Elementary  Cloud  Subdivisior.  and  Its  Characterization 
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•4. 


ASVMMETKIC  CLOUD  LOCATED  WITHIN  THE 
SPECIFIED  WIND  FIELD  VOLUME  BEFORE  TRANSPORT 


Fig.  4.  Asymmetric  Cloud  Located  Within  the  Specified  Wind  Field  Volume 
Before  Transport 
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TRANSPORT  MODULE 

TRANSPORT  OF  INDIVIDUAL 
CLOUD  SUBDIVISIONS 


OUTPUT  PROCESSOR  MODULE 

PRoecssiNa  of  oRouNoeo 
CLOUD  SUBDIVISIONS 


Fig.  5.  Transport  and  Interpretation  of  Individual  Cloud  Subdivisions 
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STRATA  WITHIM  THE  SPCCIRCD  WIND  REID  VOLUME 
(ILLUiTIUTfO  909.  ftlX  STKAJA) 


WIND  CELLS- SUBDIVISIONS  OFASTKATUIA 

(iLLinTRATED  POR  TMC  J-TH  STRATUM  FROM  TMt  BOmOM) 


Wind  Cells-Subdlvlslons  of  a  Stratum 


Fig. 


WIND  FIELD  VOLUME  WITH  SUPERIAARD6EO  LOCAL 
CIRCULATION  SV&TEM  CELLS 


/• 


8.  Wind  Field  Volume  with  Superimposed  Local  Circulation  System 
Cells 
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BOUNDARV-TO-BOUNDI^RY  TRANSPORT 

(laUSTRATED  IN  TWO  DIMENSIONS) 


Fig.  9.  Boundary-to-Boundary  Transport 
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Transport  and  a  Mountain  Wind  Cell 
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DIFFERENCES  IN  TRANSPORT  AND  DEPOSITION 
OF  CLOSE-IN  AND  INTERMEDIATE  FALLOUT 

E.  C.  Evans  III  and  C,  A.  Young 
U.S.  Naval  Radiological  Defense  Laboratory 
San  Francisco,  California 


ABSTRACT 


"Close-ln"  and  "intermediate"  fallout  are  customarily 
distinguished  by  particle  size.  This  paper  assesses  some  of 
the  differences  In  the  phenomena  of  transport  and  deposition 
of  these  two  classifications  of  fallout. 

Particle  falling  speeds  used  by  the  USNRDL  D-model  are 
presented  and  used  to  establish  regions  of  close-ln  and  In¬ 
termediate  fallout.  A  special  plotting  system  used  to  esti¬ 
mate  particle  sizes  aloft  or  being  deposited  at  any  time 
and/or  location  is  described.  The  effect  of  base  surge  and 
deposition  on  plant  surfaces  Is  evaluated  to  determine  the 
extent  to  which  such  phenomena  can  alter  close-in  radiation 
fields.  The  probability  of  atmospheric  modification  of 
close-ln  and  Intermediate  fallout  Intensity  is  discussed. 
Possibly  important  differences  in  deposition  mechanisms 
characteristic  of  the  close-in  and  Intermediate  fallout  re¬ 
gions  are  enumerated  In  order  to  emphasize  the  problems  of 
extending  close-in  fallout  models  to  intermediate  fallout 
and  beyond. 


INTRODUCTION 


With  the  DOD-fallout  model  rapidly  approaching  completion,  It  Is 
Important  to  look  again  at  the  whole  sequence  of  phenomena  in  an  attempt 
to  discover  the  most  productive  areas  for  subsequent  sensitivity  analyses 
or  further  model  refinement.  Since  it  is  currently  available,  and,  since 
its  use  does  not  significantly  alter  conclusions,  the  NRDL  D-model  is 
used  for  this  construction.  The  overall  event  is  intentionally  inspec¬ 
ted  from  a  graphic  point  of  view;  therefore,  emphasis  is  placed  on  curve 
shapes  and  general  trends  rather  than  on  precise  numerical  values. 

No  model,  present  or  future,  can  expect  to  duplicate  the  complete 
history  of  fallout  particles  in  the  real  atmosphere;  nor  does  such  ex¬ 
pectation  appear  practical.  Certain  aspects  of  particle  transport  and 
deposition,  still  omitted  or  approximated  by  all  present  fallout  models, 
are  again  inspected  to  determine  whether  their  effect  on  the  final  radi¬ 
ation  field  can  bo  significant .  These  factors  are  divided  into  those 
affecting  "close-in"  fallout  (particle  diameters  >50H)  and  those  af¬ 
fecting  "intermediate"  fallout  (particle  diameters  between  50  and  IQ^). 

Such  division  on  the  basis  of  particle  size  is  admittedly  arbitrary  as 
well  as  being  somewhat  erroneous  since  the  definition  of  close-in  and 
intermediate  fallout  must,  in  part,  depend  on  yield  and  height  of  burst. 

PARTICLE  FALLING  SPEEDS 

Particle  falling  speeds  inevitably  enter  into  any  analysis  of  fall¬ 
out  behavior.  Therefore,  a  brief  summary  of  the  terminal  velocities 
used  in  the  NRDL  D-model  is  required,  especially  since  Hr.  C.  F.  Ksanda's 
investigation  establishing  such  speeds  has  not  been  published.  After  crit¬ 
ically  examining  the  work  of  Burke  and  Plummer, ^^^Dallavalle, Davies, 
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/k\  (8)  (9) 

Kr«y,  Kunkel ,  Martin,  Muttray,  Pettyjohn  and  Christianson, 

Prancitl  and  Tiotjens , ^ Rapp  and  Sartor, Schiller , Wadell,^^^^ 

and  others  included  in  the  British  Compendium  on  "The  Physics  of  Particle 
( 14  ) 

Size  Analysis,  Mr.  Kaanda  constructed  a  plot  of  terminal  velocities 
versus  particle  size  for  spheres,  cylinders,  disks,  cubes,  and  polyhedrons 
(reproduced  for  spheres  and  cylinders  in  Figure  1).  The  dimensionless 
parameters : 


m 

|dA 


i/a 


proportional  to  particle  size, 


dAj 


2(P-P^)gP 
a  o 


1/3 


d ,  and 


1/3 


proportional  to  particle  velocity, 


r  1 

j2(P-P^)giiJ 


are  used;  where 


C  =  particle  drag  coefficient; 

N  -  Reynold's  number; 

V  =  particle  volume; 

d  =  characteristic  linear  dimension  of  particle  (for  spheres  and 
cylinders,  diameter;  for  irregular  particles,  maximum  projected 
dlmens ion) ; 

A  s  cross-sectional  particulate  area  normal  to  direction  of  fall 
(particles  were  assumed  to  fall  with  their  center  of  gravity 
as  low  as  possible); 

p  s  particle  density; 

Pp  =  fluid  density; 


g  =  acceleration  of  gravity; 

p  =  terminal  particle  velocity  (Bernoulli  effect,  density  flow, 
and  slip  correction  not  considered) . 

r  V 1 

The  2:1  cylinder  «=  0.925  was  selected  as  the  best  approxi¬ 

mation  to  the  falling  speeds  of  irregular  particles.  Compared  with  a 
sphere  of  the  same  volume,  this  cylinder  falls  ~0.R  as  fast  for  small  N, 
~0.7  as  fast  for  Intermediate  N,  and '-0. 75  as  fast  for  large  N.  Falling 
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rates  so  computed  thus  qualitatively  agree  with  the  results  of  Rapp 
and  Sartor^^^^  for  simulated  angular  particles  at  low  Reynold's  number. 
Compared  with  a  sphere  of  the  same  diameter,  the  2:1  cylinder  falls 
nearly  1.4  times  faster  for  small  N,  at  about  the  same  speed  for 
intermediate  N,  and  ~  0.9  as  fast  for  large  N.  Qualitatively,  this  obser¬ 
vation  agrees  with  the  data  of  Krey,^^^  Prockat,^^^^  and  Rubey,^^^^  the 
latter  two  of  which  are  based  on  diameters  determined  by  sieving,  which 
should  best  represent  actual  diameters.  This  result  also  compares 

favorably  with  the  terminal  velocity  determinations  of  Broldo,  Corcos, 

(17) 

and  McMasters  using  simulated  irregular  fallout  particles  in  a  small 
vertical  wind  tunnel.  Mr.  Ksanda  therefore  fitted  the  falling-rate 
for  the  2:1  cylinder  with  the  equation: 

V  s  log3^  (bd  +  1.163), 


where 


2gP  (P-P  ) 
o  o 


and  other  notation  has  been  previously  indicated.  This  terminal  veloci- 

(18) 

ty  is  further  modified  by  Cunningham's  slip  correction  factor: 


-(t){ 


2 .514  +0.8  exp 


(-0,55  i)}]  , 


where  L  =  mean  free  path 


of  air  "molecules"  at  a  given  altitude.  Density  and  viscosity,  both 
functions  of  altitude,  are  determined  from  any  standard  atmosphere 
table  or  from  observations.  In  the  USNRDL  cloud  rise  module  prepared 
for  the  DOD-model ,  these  parameters  also  are  determined  for  ambient 
conditions  within  the  rising  cloud. 

The  terminal  velocity  subroutine  used  in  the  NRDL  D-model  thus 
determines  falling  speeds  for  2:1  cylinders  for  particles  larger  than 
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42  Bicrons.  Below  that  size,  however,  falling  speeds  are  computed  for 

spheres  under  the  presumption  that  the  majority  of  these  smaller  sizes 

have  melted,  and  therefore  have  become  spheroid.  Some  characteristic 

terminal  velocities  computed  by  the  NRDL  D-^model  subroutine  using  the 

(19) 

AROC  1961  standard  atmosphere  and  NTS  soil  (P  b  2,C  g/cc)  are  pre¬ 
sented  in  Figure  2. 

SIZE  CHANGES  AND  REGIONS  OF  FALL 

On  the  basis  of  the  falling  speeds  presented,  it  is  possible  to 
determine  the  approximate  location  and  size  of  regions  subjected  to  close- 
in  and  Intermediate  fallout.  Idealized  wind  conditions  are  assumed, 
since  variations  due  only  to  terminal  velocity  are  desired.  One  fact, 
well  recognized  but  not  often  specifically  considered,  should  first  be 
emphasized,  viz:  that  the  size-frequency  distribution  of  particulate 
material  remaining  aloft  as  well  as  that  being  deposited  during  any 
given  period  Is  continuously  ohon-lng  with  time.  An  approximate  moans 
of  gauging  these  changes  was  suggested  long  ago  by  Anderson , 

Anderson's  method,  somewhat  ombolllshed,  is  presented  In  Figure  3. 
Here,  the  cumulative  percent  for  each  particle  size  class  (PCS)  is 
plotted  against  altitude  at  a  specified  time  after  burst.  The  plot  Is 
in  effect  a  position  display  of  all  D-model  disks  aloft  at  a  given  time. 
The  activity-size  distribution  in  any  altitude  slice  Is  determined  by 
the  PSC's  falling  through  that  slice  at  a  given  time.  Since  particles 
are  assumed  neither  to  be  created  nor  destroyed,  some  notion  of  activity- 
size  distribution  can  be  obtained  by  Inspecting  the  section  of  the  Input 
activity-size  distribution  as  shown  in  the  insert  to  Figure  3 .  While 
the  distribution  can  no  longer  be  log-normal,  it  can  usually  be  approx¬ 
imated  by  such  a  distribution. 

The  cumulative  percent  of  the  total  activity-size  distribution  for 
each  PSC  Is  also  given  across  the  top  of  the  plot .  The  difference  in 
total  cumulative  percent  between  the  smallest  and  the  largest  completely 
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traversing  PSC's  multiplied  by  the  proportion  of  these  within  the  slice 
approximates  the  fraction  of  the  total  cloud  activity  contained.  Since 
the  cumulative  percent  lines  are  nearly  parallel  for  a  reasonably  narrow 
altitude  slice,  all  PSC's  between  the  class  just  having  traversed  and 
the  class  Just  beginning  to  leave  the  altitude  slice  are  represented  by 
nearly  the  same  proportion  of  their  total  populations  as  determined  by 
difference.  Although  their  contribution  is  small,  classes  partially 
traversing  the  altitude  slice  (either  entering  oi  leaving)  may  be  added 
using  their  individual  weighting  factors  again  determined  by  difference 
(see  examples  in  Insert  to  Figure  3) . 

In  a  similar  manner,  the  activity-size  distribution  and  percent  of 
total  cloud  activity  next  to  be  deposited  can  bo  estimated  by  taking  an 
altitude  slice  of  the  appropriate  thickness  immodiatoly  above  the  ground. 
For  this  purpose,  a  scale  indicating  the  tlmo  a  given  PSC  will  reach  the 
ground  has  been  added  at  the  bottom  of  PSC  linos  approaching  the  ground. 

Since  the  NRDL  D-model  can  also  print  out  mass  associated  with  each 

(21) 

disk,  similar  plots  can  be  constructed  and  used  to  estimate  particulate 
mass  aloft  or  deposited  at  any  time.  Such  disk  displays  afford  quick 
ways  of  estimating  model  sensitivity  to  various  changes  involving  input 
particle  size  distributions. 

Having  noted  the  constantly  changing  size  distribution  both  aloft 

or  being  deposited,  consider  now  the  regions  of  fall  for  particles  >100^ 

diameter  (2:1  cylinders),  and  for  two  PSC's  whose  midpoint  diameters  are 

50/i  (2:1  cylinders)  and  30/^  (spheres).  These  three  regions  certainly 

represent  close-in  fallout  on  the  one  hand  and  intermediate  fallout  on 

the  other,  with  a  grey  region  between.  The  farthest  and  closest  point 

of  deposition  downwind  have  been  determined  by  means  of  equations  re- 

(22) 

cently  published  by  Ksanda,  thus: 


and 

D,  =  U.  (t„,)  t  . 

where 

D  and  D  e  the  closest  and  farthest  deposition  distances  from  GZ, 

C  X 

Ux  and  U2  ~  effective  fallout  wind  speeds  fur  the  top  and 
bottum  of  the  atomic  cloud. 

tjjj  and  tjj2  =  the  total  time  taken  for  a  particle  of  stated  size  to 
fall  from  the  highest  and  lowest  altitude  attained 
during  cloud  rise, 
a  s  radius  of  the  cloud. 

The  earliest  and  latest  arrival  times  for  a  given  oarticle,  T  and  T, , 

e  1 

are  respectively  tjjg  and  tjj^^  plus  the  time  required  for  rise.  Using 
Ux  =  32  mph  and  »  21  mph  representing  maximal  seasonal  winds  (spring, 
Southeast)  and  Uj  e  I6  mph  and  Ua  =  12  mph  representing  minimal  parameters 
(summer,  North)  from  Callahan  et  al,  the  various  distances  and  times 

have  been  calculated  for  a  range  of  yields  and  set  forth  in  Table  1 . 
Tabulated  values  for  the  maximal  seasonal  winds  are  plotted  in  Figure  4 
on  the  same  scale  for  all  yields  assuming  10°  and  30°  eddy-dlff usional 
spreads  (for  the  latter  case  downwind  deposltlonal  boundaries  have  been 
reduced  by  approximately  one  third). 

Figure  4  is  presented  to  emphasize  two  points:  first,  the  vast 
difference  in  areas  involved  in  close-in  and  intermediate  fallout;  and 
second,  the  separation  of  these  two  regions,  especially  for  the  larger 
yields.  These  large  areas  are  not  often  seen  since  most  local  fallout 
models  arc  terminated  at  24  or  48  hours  leaving  a  good  fraction  of 
particulate  material  still  aloft;  they  are  therefore  included  In  Table  I. 
The  separation  of  the  two  regions  also  bears  emphasis  since  deposltlonal 
mechanisms,  natural  factors  significantly  influencing  them, and  subsequent 
particulate  behaviour  are  probably  different  for  each.  Most  military 
models,  designed  for  close-in  regions,  are  not  properly  applicable  at 
the  greater  downwind  distances. 
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Tublo  1 

Times  of  Arrival  and  Distances  of  Deposition" 

I  max,  seasonal  winds  I  min.  seasonal  winds 


Ui  B  32  nipli 

U, 

.  -2 Imph 

Uj  BlCmph 

14  Bl2iti])h 

Particle 

fiize 

T 

E 

h 

D  U, 

A  to 

A  30 

D 

0 

(Ml  diam) 

(us  ind) 

(as  ind) 

(ml)  (ml)  (K 

sq  ml) 

(K  sq  mi)  (mi) 

(mi) 

V  e:  1  KT 

Z,jj,  =  14  1 

200  ft. 

Zjj  B  6,400  ft 

.  a  B 

0.45  ml  . 

30 

8.8h 

19.  h 

180.  610, 

26. 

40, 

100 . 

310, 

130 

2.2h 

5.2h 

43.  160. 

1.7 

2.7 

24  . 

81. 

2 .2m 

1 . 6h 

0.13  46. 

0,4 

-0,12 

22, 

Y  =  10  i:t 

\  =  25 

,:)oo  ft. 

Zp  B  11,500 

f  t .  a 

=1.13  ml 

• 

30 

- 

(320.)(e60.) 

60. 

100. 

_ 

60 

3.  eh 

8.  Oh 

78.  260. 

4.1 

6,3 

44  . 

130. 

10*-103 

5.0m 

2  .2m 

0.3  68. 

1,0 

-0.31 

34. 

Y  -  100  KT 

B  46,000  ft. 

Zjj  B  20,600 

ft.  a 

=2,8  ml , 

30 

l.ld 

2. 2d 

840.  1660. 

190. 

340. 

310. 

830. 

60 

6.7h 

13.  h 

140.  420. 

11. 

18. 

76. 

210. 

10“-10® 

12.  m 

3 . 7h 

0.27  120. 

2.6 

-1,0 

60. 

Y  =  1  MT 

55t  =  70, 

100  ft. 

Zjj  B  31,600  ft,  a  B 

10  ml. 

30 

l.Sd 

3.  Id 

800,  2400. 

400. 

840. 

460. 

1200, 

60 

10.  h 

18.  h 

190.  600, 

26, 

37. 

110. 

300. 

10®-10® 

20.  m 

6.  Oh 

-4.8  170. 

11. 

-7.0 

90. 

Y  B=  10  MT 

B  106,000  ft. 

ZjjB  47,600 

ft.  a 

B  26  mi . 

30 

2.3d 

4.6d 

1200.  3500, 

800. 

1600. 

650. 

1800 , 

60 

14.  h 

l.Od 

260.  810. 

44. 

79. 

140. 

420, 

10®-10® 

28  .m 

e.5h 

-16.  230. 

27. 

-20. 

130. 

*.NOTE :  Y  =  yield;  w  cloud  top;  =  cloud  bottom;  a  =  cloud  radius; 

Ajo  =  area  fui’  lf>'‘  oddy  diffusion  angle;  Ajo  =  area  for  30°  eddy 
diffusion  angle;  d  »  day;  h  t=  hour;  m  •=  minute;  negative  distances 
=  upwind:  all  other  symbols  defined  in  text. 


243 


CljOSE'lN  FAIXOUT 


The  region  of  close-in  fallout,  extending  to  200^  miles  downwind 
and  depending  on  yield,  etc.,  seems  adequately  covered  (with  various 
individual  biases)  by  the  constantly  growing  family  of  military  fallout 
models.  Maximal  and  minimal  hazards  for  specified  military  objectives 
in  the  close-in  fallout  region  can  be  delineated.  What  significant 
factors  yet  remain  to  be  evaluated  and,  if  necessary,  incorporated  into 
these  models?  There  appear  to  be  lour,  viz:  a)  fractionation,  b)  base 
surge  phenomena,  c)  retention  on  vegetation,  and  d)  surface  roughness 
factors . 

The  first  and  the  last  of  these  considerations  are  Included  in 

current  fallout  effort  recently  completed  or  approaching  completion. 

Radionuclide  fractionation  has  long  been  recognized  as  a  potentially 

Important  factor.  Accordingly,  computer  subroutines  using  Freillng's 
(24‘*27) 

radial  model  have  been  Incorporated  into  the  DOl)  model  by  NRDL 

(98-30) 

as  part  of  the  Particle  Activity  Module  (PAM).  The  possible 

effect  of  decreasing  average  gamma  photon  energy  with  time  after  fission 

on  surface  roughness  factors  has  also  been  investigated  by  Tomnovec, 

(31) 

Ferguson,  and  Weldon.  Their  findings  Indicate  that  as  gamma  energy 

declines,  increased  surfrxe  roughness  attenuation  is  compensated  by  an 
increased  build-up  factor.  It  appears,  therefore,  that  average  energy 
changes  can  be  neglected  in  surface  roughness  corrections.  More  impor¬ 
tant  factors  appear  to  be  the  correct  selection  of  a  suitable  surface 
roughness  factor  and  methods  of  including  topographic  factors  for  a 
given  terrain.  These  and  other  matters  are,  hoWever,  discussed  by  Dr. 
Ferguson  and  Mr.  Soule  in  the  fourth  section  of  this  symposium. 

Base  surge  has  been  extensively  described  and  investigated  for 
underwater  nuclear  bursts,  but  relatively  little  work  has  been  done 
cn  land-surface  bursts.  Mo  close-in  fallout  model  contains  a  base 
surge  subroutine,  possibly  because  of  the  .lopeful  assumption  that  rela¬ 
tively  littlo  radioactivity  is  so  transported.  A  number  of  samples 
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(31-33) 

from  Event  Jolinie  Boy,  however,  ahowed  unexpectedly  large  amounta 

of  neutron -induced  activity.  In  aome  Instances  more  than  fission  product 

activity  (for  example,  see  Fig.  5  of  Ref.  31).  The  location  of  these 

samples  bore  no  reasonable  relationship  tc  the  fallout  pattern  recorded 

for  the  event.  They  were  most  frequently  near  and  to  the  west  of  (S,  a 

region  topographically  lower  than  the  remainder  of  the  fallout  field. 

.Unfortunately,  the  number  of  samples  analyzed  for  Induced  activity  were 

few  and  sporadically  selected  so  that  a  proper  distribution  pattern 

cannot  now  be  constructed;  however,  it  can  be  suggested  that  base  surge, 

behaving  as  a  density  flow,  deposited  sufficient  Induced  activity  at 

these  locations  to  equal  or  exceed  fission  product  activity  from  fallout. 

That  base  surge  exhibits  density  flow  is  generally  accepted  for  water 
C34*"36  ) 

bursts,'  but  such  acceptance  has  not  been  formally  extended  to 

(37) 

underground  bursts .  Rohrer  and  Knox  do  report  density  flow  effects 
observed  after  a  cratering  H.E.  shot  in  desert  alluvium.  From  a  heli¬ 
copter  at  2000  to  3000  ft. ,  base  surge  was  observed  to  accelerate  down 
a  trough  60-ft.  wide  and  having  a  slope  of  10  to  15^.  This  acceleration 
was  relative  to  the  remainder  of  the  surge  spreading  radially  over 
Frenchman's  Flat.  Apparently  there  is  no  other  documentation  of  the 
phenomenon  for  underground  bursts. 

On  a  fiat  water  surface,  density  flow  has  a  convenient,  geometric 
symmetry;  thus  making  It  relatively  easy  to  Incorporate  into  fallout 
models.  On  land,  topography  can  make  base  surge  behavior  considerably 
more  complex.  If  significant  amounts  of  Induced  activity  are  Indeed 
transported,  base  surge  flow  could  be  Important  In  the  prediction  of 
close-in,  early-tlme  radiation  hazards.  Base  surge  could,  for  Instance, 
preferentially  flow  down  canyons  and  Into  depressions.  Furthemore , 
since  forest  stands  would  also  represent  an  increased  resistance  to 
density  flow,  base  surge  might  tend  to  flow  along  clearings  or  around 
denser  stands.  Whether,  due  to  base  surge  flow  behavior,  forest  stands 
could  afford  significant  protection  for  troops  remains  an  unanswered 
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question.  The  problem  would  appear,  however,  tu  warrant  more  detailed 
study . 

The  relative  Importance  of  fallout  or  base  surge  deposited  on  plant 

materials  must  also  be  evaluated  from  the  standpoint  of  the  ulose-ln 

radiation  field.  Intermediate  fallout  deposition  Is  discussed  later; 

here  the  nature  of  close-in  fallout  Is  briefly  evaluated  in  the  light  of 

(38-46) 

Miller's  preliminary  findings  on  Operation  Ceniza-Arena .  The  de¬ 

position  of  "cenlza-arena"  (ash-sand)  originating  from  the  Costa  Rican 
volcano  Irazu  was  studied  by  groups  from  SRI  and  NRDL.  Geometric  means 
for  the  deposited  material  ranged  between  60  and  lOO/x  (sieve  dlam- 
eter)  '  with  a  considerable  percent  of  the  total  mass  (10  to  20')^) 
less  than  the  43/i  sieve  size.  The  density  of  the  material  was  approx¬ 
imately  2.6  g/cc.  The  observed  deposition  mechanism  Is  simply  that  of 
gravitational  settling  on  plant  surfaces.  The  size  distribution  re¬ 
tained  on  plant  surfaces  was  generally  the  same  as  that  on  the  ground, 

although  there  was  some  tendency  toward  more  efficient  retention  of  the 

(39) 

smaller  sizes.  Hourly  accumulation  rates  reported  usually  range  be¬ 
tween  0.5  to  3.0  g/ft^  with  maximal  rates  of  short  duration  as  high  as 
14  g/ft‘.  Such  deposition  rates  are  certainly  within  the  range  charac¬ 
teristic  of  close-in  fallout,  e.g.,  10  g/ft^  at  the  lOOO  r/hr  at  1  hr 

.  (49) 

contour. 

Contamination  factors,  a^^,  defined  as 

g  ceniza  on  plant 
g  plant  (dry  wt . ) 

L  g  ceniza  on  ground 

are  reported  for  a  number  of  truck  garden  crops.  Values  of  a^  ranging 
between  0.001  and  0.1  are  characteristic.  Changes  with  growing  season 
(especially  for  cereals)  show  Interesting  and  perhaps  significant  trends 
associated  with  plant  development  (Appendix  B) .  In  general,  contamination 
under  humid  conditions  Is  roughly  twice  that  under  dry  conditions,  or: 
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(humid)  »  2  aj^  (dry). 

Also  noteworthy  is  the  observation,  applicable  to  larger  plants  (trees), 
that : 

a^  (outermost  leaves)  (2  or  3)  a^  (central  leaves) 

A  second  factor,  the  foliar  surface  density,  w  ,  Is  defined  as; 

P 

_  g  plant  (dry  wt ■ ) 

'^^p  "  ft*  of  ground  surface 

Of  special  Interest  In  the  close-ln  fallout  environment  are  the  amounts 
of  fallout  temporarily  retained  on  grasses,  chaparral,  or  forest  vege¬ 
tation.  The  product  a.w  represents  the  fraction*  of  the  total  cenlza- 

L  p 

arena  deposit  so  retained-  This  product  is  more  meaningful  for  crop 
plants  where  foliar  surface  density  Is  relatively  low;  but  for  contin¬ 
uous  cover  by  larger  plants  (chaparral,  forest),  w^  becomes  so  high 
that,  with  the  range  of  factors  observed,  there  is  sufficient  plant 
surface  to  retain  more  than  the  total  fallout  deposited  per  unit  area. 

Using  Miller's  values  for  a,  and  w  ,  mature  grass  stands  are  capable 

L  p 

of  temporarily  retaining  up  to  80^  of  settling  fallout  with  a  lower  re¬ 
tention  factor  of  10^  more  likely.  For  larger  vegetation  (chaparral, 
forest),  the  surface  area  available  is  sufficient  to  retain  temporarily 
100^  of  depositing  fallout  with  lower  factors  of  30  to  50^  more  probable. 
Such  retention  Is  properly  described  as  temporary  since  over  a  good 
range  of  wind  speeds  <’3  to  16  mph)  and  plant  surfaces  (tomato  to 
avocado),  the  half  life  for  retention  of  dry  cenlza-arena  lies  between 
2  and  6  hours  (axial  retention  or  retention  on  plants  shielded  from  the 
wind  can  be  longer).  Under  humid  and/or  low  wind  conditions,  such  half 
lives  can  be  Increased  by  factors  of  2  to  10.  In  view  of  the  much  longer 
retention  half-lives  reported  by  Russell and  by  Martin, cenlza- 
arena  half  lives  must  be  described  as  temporary.  Removal  by  rain  (0.4 


*usage  Is  C.F.  Miller's 
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Inchea)  I0  nearly  ccmplete,  except  that  plant  parts  near  the  ground  can 
be  recontamlnated  by  spattering.  lisstly,  retention  half-lives  are  not 
observed  to  be  a  function  of  plant  loading,  except  In  cases  where 
loading  is  so  great  as  to  cause  plant  failure.  Removal  can  therefore  be 
assumed  to  be  mainly  dependent  upon  meteorological  factors  capable  of 
disturbing  the  deposited  material. 

Temporary  retention  should  not  be  Important  to  browsing  animals 
since,  falling  other  removal,  feeding  disturbance  alone  would  probably 
knock  much  of  the  contaminating  material  from  the  leaf  surfaces.  Tem¬ 
porary  vegetative  retention  can,  however,  be  important  In  modifying 

(52*54) 

close-ln  exposure  fields.  Accordingly,  a  simple  geometric  approach 
has  been  used  to  estimate  changes  in  exposure  rate  due  to  contamination 
of  plant  surfaces.  In  the  first  case,  grass  Is  approximated  by  a  slab 
3  ft  thick  adjacent  to  a  plane  representing  the  ground  (the  grass  Is 
admittedly  tall,  however,  shorter  grass  produces  trivial  effects).  A 
certain  fraction,  t,  of  the  total  mixed  fission  product  (MFP)  deposit 

/■e  V 

(1.25  Mev  gamma  to  approximate  early-tlme  MFP  spectrum'  is  put  on 
the  plane,  the  remainder,  (1-f),  Is  uniformly  distributed  In  the  "grass" 
slab.  Exposure  rates  at  a  detector  3  ft  above  the  plane  for  various 
degrees  of  grass  contamination  are  compared  to  the  exposure  rate  with 
all  activity  on  the  plane  (see  Figure  5).  The  density  of  grass  was 
estimated  to  be  0.005  g/cc,  a  value  deduced  from  Miller's  foliar  surface 
densities  for  cereal  crops.  Since  shielding  due  to  grass  reduces  the 
bare  plane  exposure  rate  by  a  factor  of  0.76,  exposure  rates  are  com¬ 
pared  to  those  at  a  detector  3  ft  over  a  grass-covered  plane. 

Similar  calculations  have  been  performed  for  trees,  assuming  a 
"tree"  slab  placed  at  some  height  above  the  plane ,  and  having  a  density 
of  0.01  g/cc.’’^  Two  tree  heights  and  canopy  thicknesses  (shown  In  Figures 
6  and  7)  have  been  assumed;  also  two  types  of  distribution  within  the 


')*^see  Appendix  B 
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canopy;  one  with  unlXonnly  distributed  radioactivity  as  In  the  grass 
case,  the  second  (and  more  likely)  with  the  radioactivity  retained  In  a 
thin  layer  at  the  top  of  the  canopy.  In  all  tree  cases,  some  protection 
Is  afforded  by  the  retention  of  activity  on  plant  surfaces-  For  low 
trees,  (Figure  6),  the  exposure  rate  is  reduced  to  0.54  or  to  0.40  of 
the  original  value  depending  upon  the  manner  of  distribution  within  the 
canopy.  For  taller  trees  (Figure  7)  similar  reductions  are  0.36  and 
0.21,  again  dependent  upon  distribution  within  the  canopy. 

These  numbers  cannot  be  considered  anything  more  than  approximations; 
nevertheless,  they  do  Indicate  that  vegetation  can  significantly  reduce 
radiation  fields.  Two  factors  may  contribute  to  this  reduction,  viz: 
the  possibility  of  base  surge  deflection  and  the  possibility  of  fallout 
retention  in  the  forest  canopy.  Although  the  environmental  half  life 
for  retention  on  plant  surfaces  can  be  relatively  short  (2  to  6  hours), 
even  a  short  retention  occurring  at  early  time  might  constitute  a 
decided  advantage. 

The  effects  of  plant  contamination  on  exposures  to  people  within 
structures  adjacent  to  the  plant  cover  are  so  complex  that  almost  any 
result  can  be  obtained  depending  on  the  geometries  and  shielding  factors 
assumed.  Where  direct  penetration  of  the  structure  Is  Important,  expo¬ 
sures  are  particularly  sensitive  to  the  distance  between  the  trees  and 
the  structure,  to  the  height  of  the  trees,  and  to  the  fraction  of  the 

deposit  retained  In  the  trees.  For  a  light  wooden  structure  (10  lb/it‘ 

.  (63,54) 

for  floors,  walls,  and  roof),  standard  calculations  procedures 

Indicate  that  exposures  in  a  basement  can  be  Increased  by  a  factor  of 
10  due  to  direct  penetration  If  all  fallout  Is  retained  on  trees  (height 
10  ft)  which  Immediately  surround  the  house  (assuming  no  roof  contamina¬ 
tion).  A  similar  Increase  would  be  expected  In  fox  holes  dug  under  trees. 
The  exposure  increases  would  be  halved  If  a  10-foot  clearing  existed 
around  the  house  or  foxhole.  If  the  roof  Is  also  assumed  to  be  con¬ 
taminated,  exposure  Increases  at  a  basement  location  due  to  tree 
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V, 


(94) 

location,  In  this  same  structure,  the  Engineering  Manual  Indicates 
a  40^  Increase  In  exposure  fur  a  10  ft  elevation  of  the  source.  Again 
roof  contamination  would  make  the  relative  Increase  smaller. 


For  a  heavy  concrete  structure  (5  Inch  floors,  walls  and  roof), 
exposures  at  basement  locations  would  be  relatively  Insensitive  to 
plant  contamination  due  to  the  Importance  of  In-and-down  penetration 
and  akyshlne.  Roof  contamination  would  further  reduce  the  effects  of 
plant  contamination,  while  the  presence  of  windows  would  Increase  these 
effects,  again  due  to  direct  penetration.  A  second  story  location 
would  experience  a  40^  Increase  In  exposure  due  to  source  elevation 
exactly  as  for  the  lighter  structure.  This  Increase  would  be  greater 
If  windows  were  considered  and  less  if  contamination  remained  on  the 
roof . 


INTERMEDIATE  FALLOUT 

Finally,  a  comparison  of  certain  aspects  of  close-ln  fallout  with 
the  Intermediate  fallout  Indicates  several  differences  which  may  be 
Important .  The  vast  difference  In  surface  area  affected  by  these  two 
stages  of  fallout  has  already  been  emphasized,  as  has  the  difference 
In  particle  sizes  being  deposited.  The  smaller-sized  particles  com¬ 
posing  the  Intermediate  fallout  are  more  Influenced  by  meteorological 
conditions  In  the  atmosphere  (vertical  currents  and  precipitation)  and 
carry  a  greater  proportion  of  fission  products  with  volatile  precursors. 
When  deposited  on  plant  surfaces,  they  behave  In  a  way  which  may  be 
different  from  that  of  cenlza-arena. 

Feterls,  Kessler,  and  Newburg  have  determined  the  Influence  of 
vertical  currents  on  the  falling  time  of  spherical  particles  as  shown 
In  Figure  8,  taken  from  the  referenced  report.  It  Is  apparent  that  the 
effects  are  large  when  the  terminal  falling  velocity  for  the  particle 
and  the  vertical  component  of  current  velocity  are  equivalent.  D-inodol 
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particle  Sizes  failing  at  the  Inc’.icated  terminal  velocity  at  sea  level 
and  at  30  thousand  feet  have  been  added  to  the  figure;  all  sizes 
classify  as  close-ln  fallout.  While  the  Influence  of  horizontal  wind 
velocities  on  fallout  patterns  Is  well  known,  the  effect  of  vertical 
currents  is  less  so.  According  to  Fetei'ls  et  al,  "the  time  of  arrival 
of  particles  Is  dolayed  by  updrafts  and  expedited  by  downdrafts.  ... 

The  duration  and  total  accumulation  of  fallout... is  Increased .. .beneath 
Intensifying  updrafts  and  decreased  beneath  weakening  updrafts;  beneath 
downdrafts,  the  converse  holds."  The  depth  of  circulation  and  Its 
Intensity  Influence  the  magnitude  of  those  3ffects,  the  greatest  changes 
occurring  for  the  slowest  falling  particles. 

It  Is,  therefore,  of  interest  to  ascertain  the  likelihood  of 
vertical  current  modification  of  closeoln  and  intermediate  fallout.  For 
this  purpose,  some  general  suimaary  of  the  areas,  velocities,  ceilings, 
and  durations  of  such  vertical  developments  in  the  atmosphere  is 
necessary.  Since  no  table  of  such  information  could  be  located,  data 
and  estimates  wore  gathered  from  many  sources  and  assembled  into  Table 
II.  The  source  material  underlying  this  table  is  set  forth  in  greater 
detail  in  Appendix  A.  Comparison  of  cross-sectional  areas  for  vertically 
moving  parcels  of  air  with  areas  associated  with  the  atomic  cloud  or 
regions  of  fallout  is  used  to  estimate  relative  importance  of  varlou.s 
vertical  movements.  These  movements  are  somewhat  arbitrarily  assigned 
to  throe  classes,  viz: 

Class  I:  large  to  very  large  area,  relatively  slow  moving,  rela¬ 

tively  long  duration. 

Class  II:  intermediate  to  large  area,  intermediate  to  last  moviau, 

relatively  long  duration  (usually  orographic). 

Class  III:  small  to  Intermediate  area,  relatively  fast  moving, 
relatively  short  duration  (usually  thermal). 

Fiom  a  comparison  of  areas  (square  miles  versus  thousands  of  square 
miles)  only  Class  I  would  appear  to  have  a  large  potential  for  uflecting 
intermediate  fallout.  Certainly  thunderstorms  or  mass  firo.s  (Class  III) 
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would  influence  close-in  fallout,  especially  for  the  smaller  yields,  If 
they  occurred  in  the  vicinity  of  OZ  and  shortly  after  burst.  Such  In¬ 
fluences  are  borne  out  by  Figures  9  and  10,  where  the  altitudes  above 
which  particles  fall  faster  than  the  stated  velocity  are  plotted  against 
particle  size.  Also  Indicated  are  the  upper  range  velocities  and 
vertical  developments  tabulated  In  Table  II;  cumulative  percentage 
activity  below  stated  size  la  given  below  the  size  scale.  Thus,  the 
altitudes  and  maximum  particle  sizes  at  which  Class  II  and  III  vertical 
currents  can  cause  large  effects  and  their  relative  importance  can  be 

appreciated.  Although  sea-breeze  circulation  has  been  shown  to  alter 
(57) 

fr^'lout  patterns,  cell  depths  are  small  as  shown  In  Figure  10,  and 
the  effect  is  confined  to  a  coastal  strip  20  to  25  miles  wide  in  tem- 
porate  latitudes, 

Only  Intermediate  fallout  with  terminal  velocities  around  1  ft/sec 
or  leas  (about  60  to  20^  of  the  total  activity)  has  a  high  probability 
of  being  affected  by  meteorological  phenomena  (vertical  currents,  pre¬ 
cipitation,  etc.).  Duration  of  transport,  the  large  cross-sectional 
area  of  cyclonic  or  frontal  air  movements,  and  the  frequency  of  rainfall 
all  operate  to  Increase  this  probability.  Air  flow  around  or  over 

(56) 

mountains  does  affect  fallout  pattern  shape  as  shown  by  Feterls  et  al, 
but  such  changes  do  not  alter  fallout  Intensity  except  near  the  edges  of 
the  very  large  regions  subjected  to  Intermediate  fallout.  Vertical 
currents  or  rainfall  do,  an  the  other  hand,  cause  variations  In  fallout 
intensity  ("hot  spots")  but  can  Influence  only  those  particles  still 
aloft,  l.e.,  the  slowly  falling  particles.  In  these  size  ranges,  it  is 

/  CQ  \ 

generally  accepted  that  of  fallout  activity  Is  washed  out  by  rain. 

Thus  a  difference  in  deposition  mechanism  (rain  scavenging  as  opposed  to 
settling)  can  be  postulated.  Alexander's  studies  in  Clallam 
suggest  that  "dry  fallout"  in  the  particle  size  ranges  characteristic  of 
Interraediate-to-global  fallout  Is  a  relatively  unimportant  deposition 
mechanism.  Greenf leld^®^^  has  quantitatively  analyzed  the  rain  scavenging 
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process  and  Itiund  it  to  be  hlK^ly  officlont  lor  portlclo  sizes  In  the 
10  to  50^4  range.  Finally,  It  Is  obvious  that  all  close-in  fallout  models 
are  not  adequate  for  depoaltlnn  mochanls.nu  other  than  settling.  A  gray 
region  of  considerable  extent  exists  between  close-in  models  and  models 
appropriate  to  Intermediate  fallout.  This  region  should  be  more 
thoroughly  investigated. 

In  the  intermediate  region,  prediction  of  fallout  hazards  extends 
beyond  the  calculation  of  radiation  fields  to  the  consideration  of  fis¬ 
sion  product  entry  into  the  biosphere  with  plants  acting  as  the  principal 
interface  for  such  incorporation.  A  complete  description  of  Intormodlato 
fallout  deposition  and  uptake  into  plants  is  beyond  the  scope  of  this 
paper;  for  such  considerations  the  reader  is  reforrod  to  Fowler,  ^ 
Elsonbud,  '  or  Schultz  and  Klomont.  The  intent  hero  is  to  discuss 

salient  differences  between  intermediate  fallout  and  close-in  fallout  as 
roprosonted  by  coniza-arona. 

There  appear  to  bo  at  least  three  Important  differences,  First,  is 

(64*66 ) 

the  matter  of  particle  sizes  efficiently  retained .  Larson  ot  al' 
have  concluded  from  observations  made  at  the  Nevada  Test  Site  (NTS)  that 
sizes  greater  than  about  44^  are  not  efficiently  retained  on  plant 
surfaces.  Their  observations  in  that  desert  region  are  largely  confined 
to  such  genera  as  Larroa,  Artemisia,  Atriplox,  or  Coloogync,  plants  whoso 
vostituro  is  variously  described  as  scurfy,  pubescent,  canescont,  glan¬ 
dular,  or  rosiuoua.  Such  voatituros  can  certainly  bo  expected  to  retain 
more  largo  particles  than  the  glabrous  plant  surfaces  (avocado,  camphor, 
etc.)  obsorvocl  on  Operation  Ceniza-Arena.  Unfortunately,  even  though 
approximately  2Qfi>  of  the  mass  frequency  distribution  for  ccnlza-arena  is 
reported  to  bo  below  44)*  (sieve  diaraotor),^^^'^*^^  the  preponderance  of 
larger  sizes  is  such  as  to  mask  the  retention  of  these  smaller  sizes. 
Furthermore,  Russell suggests  that  efficlontl.\  retained  sizes  are 

considerably  smaller  than  44)*.  This  hypothesis  has  recently  boon  sub- 

(51 ) 

stunt iatod  by  the  observations  of  Martin  who  finds  that  most  of  the 
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lnn'>'.ii  mn  1  ('!• !  isl  !■■' !  ii  i  iv.’t!  ■,)!!  As’t  t.T.is  1  a  t  rl  tk’!'.  t  ai  a  aia]  Arrlpli'^  t'onlfrtl- 
)liti  iH  It'SM  i  Iian  Tt/J  la  (UuiiK.'tci'  (upulli  plimls  wl  lli  vo.sllturos  prosurn- 
ably  inorL'  cupnblo  oi  riM  iii  n  1  iin  purl  lalt^H  tluin  Klaliioiis  Iropionl 

plants).  , 


Seciiiully I  the  hull'  lli'i;  oC  Inli.'i’iiuxlluii.’  I'nllnut  oii  pluiu  s'lrl'atius 
IH  consliluiubly  lonRor  than  that  tiluiructurist  lii  ol'  uonl/.a-nronu  uiiilor 
dry  aondl  1  loius ,  Ilu.ssoli  '  has  rupoiMod  leaf  rt.'loation  hull  livo.s  dI 
14  (lays.  Martin  has  shown  by  oxlonslvo  statistical  analysis  that 

13  I 

the  environmental  hall  llle,  Tj,.,  runn'-s  bolvoun  13  and  24  days  lor  I 
and  bolwoon  IH  and  57  days  lor  Sr®".  Tj,.  is  dcllnud  us  loss  due  to  lac- 
tors  other  than  decay  and  is  thcroloru  properly  coinpurublu  to  conl/.u-aronu 
hall  IjVeS  (2  lo  li  hours  under  similar  condliloir.,  i.e.,  dry,  moderate 
winds).  In  this  instance,  the  vostilurc  ol  i ',te  desert-  plant.s  miKht 
partially  explain  the  discrepancy!  however,  dilferonccs  as  high  as  two 
orders  ol  magnitude  seem  loo  iurge  loi-  such  an  explanation. 


Tlio  shorter  liall-llle  shown  by  I’®'  deserves  special  mention  since 

this  phenomenon  is  apparently  an  example  of  rulractionntlon  of  volatile 

fission  producl.s  after  deposition.  In  his  careful  statistical  analysis, 

Mnrtin^^'^  is  able  to  establish  a  validly  shorter  Tg  for  of  14.5 

days  for  close-in  fallout  at  downwind  distances  of  ^22  ml.  He  auggosts 

that  in  close-in  fallout  is  in  such  a  chemical  or  physical  form  that 

loss  from  plant  surfaces  by  vaporiiiation  is  pos.siblo,  A  Bimilur  hypotlt- 

(B9  ) 

csis  has  been  advanced  by  Cline.  Martin  describes  o  sorting  li.ill 

life,  dofln(3d  as: 


'^dsi 


LS 


X  T 

TTt 


£i 


whore  Tg^,  and  Tg^  =  the  environmental  half  lives  lor  Sr"®  and  I‘*‘ 
respectively.  can  bo  considered  the  lengtli  ol  time  necessary  to 

sort  hall  ol  a  volatile  fission  product  away  from  n  non-volntilo  one, 

Tdgi  is  ~  30  days  lor  fallout  at  22  miles,  implying  relatively  rapid 
surling  in  comparison  to  of  180  days  nl  more  distaat  locations.  The 
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piiyslcal  and/or  chemical  causes  for  these  changes  in  iodine  behavior  are 
not  yet  fully  understood. 

Thirdly  and  finally,  the  pi'obability  that  close-in  fallout  arrives 

"dry"  (at  least  in  the  absence  of  rainfall)  is  much  greater  than  that 

for  intermediate  fallout,  90^  of  which  is  characteristically  washedout 
(58) 

by  rain  .  As  far  as  subsequent  uptake  by  the  plant  and  relative  im¬ 

portance  to  agriculture  is  concerned,  the  difference  between  dry  settling 
and  wet  washout  would  appear  Important.  Radioactive  slurries  or  solutions 
are  more  deeply  incorporated  into  the  cutxcular  mosaic  of  leaf  surfaces; 
indeed,  Moorby  and  Squire^^*^^  have  suggested  that  Sr®®  applied  to  cabbage, 
potato,  and  rye  grass  as  a  fine  spray  becomes  airborne  again  after  2  to  3 
weeks  with  the  dehiscence  of  cuticle  platelets.  Within  and  under  the 
loaf  cuticle,  moisture  content  is  higher  and  more  constant  than  on  the 

leaf  surface.  This  condition  enhances  foliar  uptake,  a  process  similar 
(  1  ) 

to  root  uptake,  both  requiring  liquid  water  and  beginning  with  a 
cation  exchange  in  the  apoplast  followed  by  a  metabolically  mediated  ab¬ 
sorption  into  the  protoplasm. 

The  differences  enumerated  between  intermediate  fallout  and  cenlza- 
arena  may  be  Important.  No  argument  is  raised  concerning  the  similarity 
of  close-in  fallout  to  cenlza-arena.  In  fact,  preliminary  ceniza-arena 
data  are  used  in  this  paper  to  evaluate  the  importance  of  plant  retention 
in  the  close-in  region.  When,  however,  intermediate  fallout  is  considered, 
differences  in  sizes  retained,  in  environmental  half  life,  and  in  the 
deposition  mechanism  itself  certainly  reduce  the  confidence  with  which 
ceniza-arena  data  can  be  extended  to  assess  agricultural  hazards.  More 
research  is  required  to  improve  the  prediction  of  agricultural  hazards 
resulting  from  fallout.  Also  required  is  the  clear  recognition  that  pre¬ 
sent  military  fallout  models  are  sufficient  for  the  prediction  of  close- 
in  fallout  hazards,  but  become  Increasingly  invalid  with  longer  times 
after  burst.  Therefore,  meaningful  extension  of  pre.sent  model  systems  to 
the  intermediate  fallout  region  must  accompany  the  prescribed  research. 


APPENDIX  A 
VERTICAL  CURRENTS 

The  following  collection  of  notos  were  hastily  gathered  to  obtain 
order  of  magnitude  answers  to  such  questions  as: 

(a)  What  vertical  velocities  are  to  be  found  in  the  troposphere? 

(b)  How  big  are  they  (cross-sectional  area,  height  of  vertical 
movement,  or  any  other  appropriate  measure)? 

(c)  V/hat  is  the  probability  of  encountering  such  vertical  air 
currents  in  a  given  region  (especially  of  the  U.S,),  time  of 
day,  or  season? 

(d)  How  long  is  a  given  parcel  of  air  influenced  by  such  vertical 
movement? 

These  questions  are  not  easily  answered.*  Many  of  the  answers  given 
here  are  subject  to  argument.  Therefore,  the  source  data  and  modifying 
comments  from  which  the  numerical  values  in  Table  II  were  estimated  are 
assembled  into  this  appendix.  In  general,  it  should  be  noted  that  the 
areas  given  are  maximum  cross-sectional  areas  for  the  particular  phenom¬ 
enon,  while  the  upper  range  velocities  given  apply  only  to  the  center  or 
core  of  the  development  whose  cross-sectional  area  could  bo  1/10  to  1/100 
of  the  maximum.  Altitudes  reported  are  the  upper  range  normally  observed 
for  the  phenomenon.  Durations  of  Influence  on  a  given  parcel  (reported 
in  Table  II)  are  estimated  on  the  basis  of  average  vertical  velocity  and 
height  of  column.  These  last  especially,  must  be  considered  no  better 
than  order  of  magnitude  estimates. 


*Machta  mentions  among  weathermen's  fallings:  "failure  to  measure 
vertical  currents  or  atmospheric  turbulence." 
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Large  area^  iulitLivuiy  alow  moving,  roiutivoly  long  durni-lon, 
usually  large  air  mass  dovelopmonts . 

cyclones'  '  ’  ■' -  large  vertically  moving  parcels  of  air 

resulting  from  convergence  or  divergence. 

Area:  thousands  to  tens  of  thousands  sq  mi  (core:  tens  to 

thousands  sq  mi) 

Velocities:  0.03  to  1.0  ft/sec  (see  Notes) 

Altitude;  to  50R 

Notes:  Velociti 'S  of  1  ft/sec  are  extreme  values  reported  by 
Rex;  according  to  Machta^^^^  normal  maximum  velocities  should  be  a  quar¬ 
ter  of  this  extreme  value.  Although  Rex  calculates  that  velocities  can 
increase  on  ascending,  the  reverse  would  more  usually  be  observed  since 
such  behavior  is  consistent  with  expansion  on  ascending.  Particles 
converge  at  base  of  updraft  columns  and  diverge  at  base  of  downdraft  col¬ 
umns;  also  there  is  advection  of  particles  from  downdraft  to  updraft 
regions.  Vertical  motions  organized  into  upward  and  downward  parcels 
having  dimensions  of  many  hundreds  of  square  miles. 

B:  FRONTS^^"^  -  upglido  of  warm  air  at  frontal  surfaces. 

Area:  thousands  to  tens  of  thousands  sq  mi 

Velocities:  0.03  to  1.0  ft/scc  (see  Notes) 

Altitude:  to  25K  ft 

Notes:  These  movements  are  similar  to  cyclones  described 

above.  Again  vertical  velocities  of  1  ft/sec  must  be  regarded  as  extreme, 
see  discussion  under  cyclones. 

C:  sea-breeze'  ’  -  a  landward  current  adjacent  to  earth's 

surface  with  a  much  weaker,  but  deeper,  return  flow  at  low 
altitude  -  dependent  upon  land-sea  temperature  differences. 

Area:  tens  to  twenties  of  sq  mi  for  individual  cells  -  along 

coasts  penetrating  Inland  20  -  25  mi.  (temperate  region). 

Velocities:  to  1  ft/sec 

Altitude:  150  ft  Vo  3K 

Notes;  Cells  first  develop  at  sea  then  move  inland  during  day 
until  at  ~  1500  (time  of  maximum  development),  horizontal  velocities  to 
35  ft/sec  with  accompanying  vertical  velocities  of  1/100  to  1/50  this 
value  are  developed.  The  circulation  dissipates  after  1500  and  is 
usually  gone  by  2000.  Reverse  flow  during  night  is  also  observed.  In 
tropics,  development  can  extend  several  hundred  miles  Inland  with  vertical 
developiiionts  to  lOK  or  12K  ft . 
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Class  II;  Intormediutu  to  1 arKO  area,  Intormodinte  to  fast  moving,  long 
duration  but  dopondent  on  wind  speed  -  usually  orographic 
developments . 

(75  78  79) 

A:  LEE  WAVES  ’  ’  — - -  a  laminar  flow  phenomenon  forming  in 

lee  of  mountains,  hills,  and  ridges. 

Area;  fifties  to  hundreds  sq  mi  -  function  of  topography: 

can  be  as  long  as  the  obstacle  on  the  ground  and  extend 
downwind  to  distances  of  10  to  100  ml. 


Velocity ; 

low: 

1/2  to  1  ft/sec 

avg; 

10  to  20  ft/soc 

hi: 

to  50  or  100  ft/sec 

Altitude : 

IK  to 

20K  ft  with  high  stability  and  moderate  winds 

15K  to  50K  ft  with  lower  stability  and  strong  winds 
usually  3x  to  5x  height  of  obstacle 


Notes;  Foremost  lee  wave  is  strongest;  wave  crests  are  sta¬ 
tionary.  Wa.'olength  Is  primarily  a  function  of  wind  speed  and  atmospheric 
stability  (wavalcngths  of  1  to  10  ml.  characteristic).  Wave  amplitude  Is 
primarily  function  of  obstacle  shape.  Waves  can  exist  for  long  periods 
of  time  (as  long  as  wind  and  stability  last),  but  mid-day  turbulence  tends 
to  weaken  or  orenk  them  up.  Can  reform  in  late  afternoon  or  night  if 
wind  and  stable  conditions  continue.  Parcel  of  air  moves  through  lee 
waves  at  wind  speed  (usually  20  to  80  ft/sec) .  Rotors  are  occasionally 
formed  under  lee  waves  of  large  amplitude;  Sierra  lee  waves  have  devel¬ 
oped  rotors  rising  to  IfJK  ft.  Clear  air  turbulence  Is  thought  to  occur 
upon  transition  from  strong  winds  to  weaker  ones. 

(75  7fi  79) 

B:  SLOPE  TURBULENCE  ’  '  -  turbulence  developed  in  unstable 

air  blowing  against  hills  or  mountain  ridges 

Area:  tens  to  fifties  sq  ml,  function  of  topography 

Velocity:  function  of  windspeed  -  usually  10  to  25  ft/sec 

Altitude:  10  to  15K  -  usually  not  greater  than  2  x  height  of 

obstacle  (but  frontal  waves  reappear  at  4  to  5  x 
height  of  obstacle) . 

Notes:  Really  little  data  other  than  comments  of  sail-plane 

pilots.  If  flow  laminar,  air  tends  to  flow  around  obstacle,  and  there 
is  little  lift  according  to  sail-plane  pilots. 

C:  MOUNTAIN- VALLEY  WINDS -  diurnally  varying  winds  duo  to 

differential  heating  between  valley  floor  and  ridges. 

Area;  tens  to  fifties  sq  mi,  function  of  valley  dimensions. 
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Velocity:  dovmslope  (night)  to  8  ft/sec;  upslope  (midday)  to 

13  it/sec;  along  valley  approximately  same  magnitude 
as  reported  for  slope  winds. 

Altitude:  1000  ft  above  ridges;  upslope  at  midday  can  continue 
into  cumulus  development  (7K  to  lOK  ft). 

Notes:  These  winds  flow  down-valley  during  late  night;  in 
morning  upslope  winds  start  providing  return  flow  for  down-valley  winds. 
Flow  reverses  to  up-valley  winds  (first  with  upslope,  then  pure  up-valley) 
during  late  afternoon.  In  early  evening  downslope  winds  begin,  even¬ 
tually  reversing  flow  during  Into  night  to  down-valley  winds  described 
initially.  Maximum  slope  velocities  encountered  at  100  to  150  ft  above 
slope  surface;  flow  is  steady  on  gentle  slopes,  tends  toward  gustiness 
on  steeper  slopes.  It  is  not  uncommon  for  valley  wind  systems  to  run  at 
right  angles  to  winds  at  altitudes  greater  than  ridge  height. 

Class  III:  Small  to  intermediate  area,  relatively  fast  moving,  short 
duration  — —  usually  thermal  developments, 

A:  THERMAliS^^^’ —  thermal  bubbles  or  columns  rising  from 
a  heat  source  on  the  ground  to  cloud  base  height  where  they 
dissipate. 

Area:  0.02  -  0.04  sq  mi  or  BOOK  to  lOOOK  ft*  (dia.  500-1000  ft 

for  single  cell  near  ground  expanding  upon  ascent - see 

clusters,  under  notes). 

Velocity:  6  to  20  ft/sec  (near  base) 

Altitude;  2  to  5K  ft  depending  on  local  conditions 

Notes:  Thermals  are  arbitrarily  divided  into  mild  or  central 
valley  thermals  and  large  or  "desert"  thermals  which  do  not  develop 
near  coast.  Velocities  are  characteristically  greatest  at  the  base. 
Atmospheric  turbulence  tends  to  break  up  thermals.  A  cluster  or  family 

of  thermals  can  cover  half  the  surface  area  of  a  sq  mi - they  form  a 

complex  of  downdrafts  and  stronger  updrafts  periodically  breaking  from 
the  heat  source  and  moving  with  the  surface  wind.  Fair-weather  cumuli 
(U.S.)  have  typical  updrafts  of  1  to  5  ft/sec  preceding  cloud  which  is 
followed  by  somewhat  weaker  downdrafts.  A  vigorous  cell  lasts  a  few  tens 
of  minutes;  development  2K  to  8K  ft  near  coast,  5K  to  17K  ft  in  central 
U.S.,  and  lOK  to  25K  ft  over  New  Mexico, 

(74 . 79) 

B:  STRONG  THERMAIil  -  inland  thermals  developing  over 

playas  or  desert  flats  (more  Intense  heat  sources  than  found 
near  coasts). 

Area;  0.04  to  0.15  sq  mi  or  800  to  3000K  ft*  (dia.  50  to  2000 
ft  near  ground  expanding  to  1  or  2  mi  on  ascending) , 
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Velocity:  20  to  30  ft/sec  near  ground  decreasing  with  ascent. 

Velocities  in  thermal  core: 

10-20  ft/sec  -  normal  strong 

20-30  ft/sec  =  very  strong 

20-60  ft/sec  =  maximum  (really  cumulonimbus 

development,  see  Thunderstorm). 

Altitude:  to  18  or  25K  ft  In  central  U.S. 

(higher  development  possible  in  thunderstorms) 

Notes;  Dust  devils  spin  on  ground  for  2  to  .5  minutes,  then 
thermal  bubble  "breaks  off"  and  rises  to  5K  or  lOK  ft  usually,  but  to 
18K  ft  over  Mohave  or  near  Reno.  Velocity  greatest  at  lower  altitude; 
bubble  expands  as  it  ascends  and  vertical  velocities  decrease.  Dust  is 
vlsable  to  rail-plane  pilots  riding  these  thermal  bubbles;  therefore, 
bubble  acts  like  parcel  capable  of  carrying  dust.  Further  evidence  of 
parcel  behavior;  pilots  say  they  can  smell  thermals,  especiully  if  they 
originate  over  a  barrvard.  Atmospheric  turbulence  tends  to  break  up 
thermals,  making  them  less  powerful  sources  of  lift. 

cn  fio) 

C*  THUNDERSTORMS  ’  -  consist  of  :ieve*'al  violent  thermal 

cells,  each  of  which  has  thr.  life  stages,  (see  Notes.) 

Area:  1/4  to  1  sq  ml  (developing);  3  to  3  sq  mi  (mature  and 
dissipating  -  but  see  notes  on  storm  complexes). 

Velocity:  50-70  ft/sec  (developing) 

100-120  ft/sec  (mature,  updraft) 

50-70  ft/sec  (mature,  downdraft) 
decreasing  velocities  during  dissipation 
(a  350  ft/sec  downdraft  has  been  reported) 

Altitude:  10-15K  (developing) 

20-2. IK  (mature) 

37-50K  (dissipating) 

Notes:  Thunderstorms  are  a  complex  system  of  violent  thermal 

cells.  Life  stages  of  cells  are:  (1)  developing  cell - sometimes  can 

develop  from  cumulus  to  cumulonimbus  in  10  minutes  (from  3500  ft  to  3  mi 
in  diameter)  forming  tall  cylindrical  column  (height:  15K  ft)  of  warm 

air  with  speeds  in  upper  part  of  50  ft/sec;  2)  mature  cell - column 

rises  to  heights  of  20  to  25K  ft,  lasting  15  to  30  minutes;  updraft 
speeds  of  100  to  120  ft/sec;  falling  rain  starts  downdrafts;  downdraft 

speeds  of  50  to  70  ft/seo;  3)  dissipating  cell - development  can  reach 

heights  of  37  to  50K  ft;  vertical  velocities  decreasing;  dissipating 
stages  more  prolonged  (can  last  hours).  A  complex  of  thunderstorm  cells 
(~  3  ml  dia.)  can  exist  over  an  area  of  200  sq  ml  with  non- turbulent  air 
between  cells.  Highest  velocities  near  cloud  tops  (of.  other  vertical 
currents);  duration  from  10  to  40  minutes. 
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C  M 1  “  H  3  ) 

D:  MASS  FIRES ^  -  consist  oi  a  complex  system  of  convective 

columns  (large  and  small)  and  associated  larger  downdrafts  over 
burning  fuel;  phenomenon  further  complicated  by  fire  whirl 
formation. 

(a)  Convection  Columns 

Area:  thousands  to  tons  of  thousands  sq  ft  extending  over 

area  of  burn;  function  of  size  of  hot  spots  and  topog¬ 
raphy  . 

Velocity:  to  50  ft/soc  Inunodlately  over  burn;  at  1000  ft 

velocity  corresponding  to  strong  thermals  (10  -  30 
ft/soc)  decreasing  with  altitude 

Altitude:  to  10  -  30K  ft  depending  on  size  of  burn  and  wind 

shear 

(b)  Fire  Whirls 

Area:  very  small  -  tons  to  hundreds  of  sq  ft 

Velocity:  reaching  tornado  speeds  (300  -  lOOO  ft/sec  vortical 

development  has  been  observed. 

Altitude:  000  to  2000  ft  (maximum) 

Notes:  Whirls  \isually  form  on  loo  of  burning  ridges;  however, 
little  is  presently  known  about  them. 
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APPI'KDIX  D 


OPKIIATION  CKNI/.A-AKENA 


The  TtUlfiwi  niild.s  woi-e  lukon  Ironi  Die  preliminary  reaper  is  ni  Carl 
!•'.  Miller  ci  al^^^  oi'  Slnni'ord  Ui.'S'Miri'h  li^stlliiie  (SRI)  and  iwo  i'inal 
USNRUL  reports .  The  numbers  nive7\  are  simply  represental  i  ve  oi 

Die  raw  data  roporietl.  Since  uiipubliMluMl  material,  not  known  to  the 
niiDiors,  may  alter  maltei's  considerably,  values  f>iven  in  this  appentlix 
must  be  roKarded  as  only  approximate  until  coiiilriiied  by  Miller's  iinul 
report.  Little  attempt  lias  lieen  ma<lo  lo  correlate  the  raw  data  i'rom  one 
preliminary  report  witli  ihat  Irnin  others;  tliereiore,  Die  data  is  largely 
oraani/od  liy  liasic  reX'erence, 


1 . 


ESTIMATION  OF  Wp  AND  FOR  TREES  AND  GRASSES. 
Foliar  suri'aco  densiiy,  Wp,  is  deiined; 


w 


P 


K  plant  (dry  wt) 
i't*  of  surface 


assuming  normal  siand 


densl 1 y , 


In  a  forest,  crown  intirception  tends  to  a  minimum,  therefore,  the  canopy 
diameter  is  used  to  determine  surface  area  covered  by  a  forest  tree.  In 
the  estimation  of  tree  density,  certain  simple  goomeirlc  sliapes  arc 

assumed  to  be  characteristic  of  tree  habit.  Conversion  from  tree  (Diii'  ii- 
sions  to  dry  weight  is  done  by  means  of  Woodwell's  formulas  . 
dry  weight  of  leaves  =  0.002hd® 
total  dry  weight  above  ground  =  0.0291id^ 
total  dry  weight  excluding  leaves  =  0,0271id* 

where 

h  =  tree  height  in  meters,  and 

d  =  trunk  diameter  at  breast  height  in  centimeiors ,  for  dry  weight 
in  kilograms. 


I 

I 

1 

I 

1 

i 


I 
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Tills  formula  Is  particularly  sciisitivu  lo  true  diameter,  a  paraniolur  not 
yot  n'.oABurod  by  Miller  et  al  .  Ratlmiites  of  such  diameters  '.verc  nbtalr.ed 
from  menibors  of  the  Operation  Conl/.n-Arona  team.  Values  of  are  Klven 
for  the  whole  tree  (above  ground)  and  for  leaf  weljjht  only.  The  luiler 
is  probably  the  best  value  to  be  used  In  the  osti.inallon  of  total  retunllvu 
plant  surface  (althoUKh  trunk,  twigs,  etc.,  do  increase  that  surluce) . 
Accordingly,  leaf  weight  is  used  in  the  calculation  of  the  porcentago  of 
total  detKisltlon  per  unit  area  retained  by  tlie  plant. 

In  the  calculation  of  tree  density,  ,  Woodwell's  dry  weight  must 
bo  converted  to  live  weight,  For  this  conversion,  the  live  weight  of 
woody  material  is  assumed  to  be  twice  dry  weight  and  live  weight  of  leaves 
ten  times  dry  weight.  For  radiation  field  calculations,  the  density  of 
the  "tree  slab”  (that  of  the  canopy  only)  is  desired.  It  is  therefore 
assumed  that  1/4  of  the  woody  material  is  contained  in  the  trunk  below 
the  canopy.  Thus,  the  live  weight  of  interest  becomes: 

LW^  B  12  X  0.027  X  3,'4  +  10  x  0,002]  hd*  =  0,06hd*  and  the 
trees  ' 

dry  weigl’.t  formulas  are,  as  given  before: 


DW, 

leaves 

=  0.002hd' 

total 

=  0.029hd 

Actually  the  density  of  the  "tree  slab”  must  include  air  as  well  as  plant 
material.  Since  the  amount  oi  air  displaced  by  the  tree  is  negligible 
when  compared  to  the  total  volume  of  the  canopy,  air  density  (0.001  g'ce) 
is  simply  added  to  the  calculated  tree  density  and  the  sum  reported 

A.  LAUREL  TREE  (Kalmia?  Umbellularia?  Described  as  .small  broad-leaf 
trees  (mountain-laurel  liko),  approx,  1  ml.  from  Rancho  Red<jndo , 
Station  15,  Ref.  45). 
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lioi^jlU  ;  IT)  I'l,  'i-l/2  111  (heights  10  to  ,J0  It  cli;lisuly  ))ack(.‘d 
slantl) 

trunk  (ost):  6"  (DBII'),  ir>  cm 
.  .  lid*  =  loot) 

cuiiopy;  K  it  (tlluiii) 

. .  A  =  50  it® 

iiaHuiiied  canopy  sitapo:  splioru  with  8  ft  diumntor 

V  4/3  n  (4)®  =  2fiH  it’  c  7.(3  in’ 

LiW,  -  GO.  ktj  P.  =  .007{)  k/cc  /),  =  .0089  n/cc 

troca  t  ta 

DW,  =2.0  kn  w  (Iva)  =  40  p/it* 

loaves  p 

DW,  ,  ,  =29.  kg  w  (tut)  =  580  g/it® 

total  p 

Uj (avo)  =  0.04  range:  0.001  to  O.l 

W  (Iva)  a,  =  1.6  004  to  4 .0 

p  L 

percent  rotalncd  =  lOO-’i  4'’fi  to  100'’4 

PINE  THEE  (Pinna?  Described  as  pine-typo  trees  on  ridge  near  Ranclio 
Hcdonclo,  Station  16,  Itef .  46). 

height;  25  it,  7-1/2  m 

trunk  (est):  5"  (DBH) ,  13  cm 
hd®  =  1300 

canopy;  8  it  (dlani) 

A  =  50  it® 


ote:  DBH  =  diameter  taroast  height 

265 


\ 


assuinod  canopy  shape:  cuno  willi  H  I'l  base  tiianietor  and  20  II 

lieiKhl 


.  V  =  1/3  n  1*  N  20  =  335  It®  =  ‘).,5iii^ 

hW  =  7H. 

t  roc's 

hK 

=  o.;)()H2  g/i  c  =  n.()(i‘;2  g/cc 

DW.  =2.6 

1  oaves 

kg 

w  (Ivs)  =  52  g/St^ 

P 

Dv;  .  ,  =38. 

total 

kS 

w  (tot)  =  760  g/tt* 

P 

Uj (ave)  =  0.0068 

rant^c: 

0.0001  to 

0.02 

w  (Ivs)  a,  =  0.035 

P  1' 

0.0052  to 

1.04 

percent  retainoil  =  3-1/2'' 

1/2 •'  to  100  ' 

C  . 

AVOCAIK)  (Porsoa  aiiiorioana?  Tree 

located 

near  Plot 

a, 

ll.'t.Vlit;  15  ft.  -1-1/2  III 


iiunU  (ost): 

8"  luDIll  , 

20 

cm 

..  hd*  =  1800 

caiiojiy:  8  1 1 

(diaiii) 

.'.  A  = 

50  rt® 

assiimeil  canopy 

si-  pe: 

truncateti  cone  with  8  it  base  diai-.  ter, 

3  ft 

lop  cliai"oter,  and  10  It  height. 

..  V  = 

1/3  ,7  (  1 

"  -N 

16  -  (1.5)2  X  6)  =  254  It^  =  7.2in^ 

UV, 

t  fees 

=  108.  kj; 

u/cc  t'  =  O.OIG 

t  la 

DW 

leaves 

il 

w  (Ivs)  =  72  g/l't^ 

P 

DW 

total 

=  .51.  kg 

w  (tot)  =  1080  g/l't® 

P 

2(i(i 


aj^(avc) 


0.01 


raiiKo;  0.001  tt)  0.02 


w  (Ivs)  a,  =  0.72  0.29  tu  1,4 

P  L 

porccnt  I'f-'lai.iud  =  72>  29'!  to  l!)Oj 

D.  CAMPHOli  TliEE  (Clniianiomiuin  cai'iplmra?  Aboroscont  tree  near  Plot  •••2, 
Kef.  43) 

licli'ht:  ~  12  ft.,  3-1/2  111. 

trunk:  3  trunks,  2-1/2"  diaiii;  cquiv.  circle  4.3".  11  cm. 

.'.  hd^  =  420 

canopy:  6  ft 

. .  A  =  2«  ft* 

assumed  canopy  shape:  cylinder  with  6  ft  diameter  and  height 

of  6  ft 


• 

•.  V  =  n-3* 

6  =  169  i  t*  =4 .8111* 

hW 

t  rees 

=  25. 

Kg 

^  -0- 

0053  g/cc  P.  =  0.0063  g/cc 

UW, 

leaves 

=  ,84 

Kg 

w  (Ivs) 
P 

=  30  g/ft* 

total 

=  12. 

Kg 

w  (tot) 
p 

=  430  g/ft* 

a  (avc)  =  0.016  range:  0.005  to  0.03 

lu 

w  (Ivs)  a,  =  0.48  0.15  to  0.90 

P  L 

percent  retained  =  48'j  15'‘  to  90'. 

E.  "Tree"  slab  dosities  are  affected  by  the  assumed  canopy  shapes  which 
are  debatable;  tlierofore,  desitios  for  the  Tour  typos  described  are 
averaged  to  obtain  a  value  for  the  radiation  field  calculations. 

yr  =  0.01  g/cc 

V  Cl 
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F .  GRASSES 


Some  u£  Miller's  ropurtccl  for  coreals  and  other  plants  arc 
presented  below;  either  the  high  value  or  the  range  of  values  arc 
tabulated : 


barley 

oats 

wheat 

corn 

beans 

(B/ft>) 

(g/ft®) 

(g/ft®) 

<g/ft») 

(g/ft“) 

1  mo 

8.1 

13. 

9  .2 

3.1 

2  mu 

46. 

37. 

38. 

0.2  -  2. 

8.9 

3  mo 

32 .  -  60 . 

31.  -  78. 

19.  -  27. 

8.  -  22. 

5.-13 

4  mo 

35.  -  59. 

41.  -  70. 

20.  -  34. 

6.  -  40. 

5  mo 

33.  -  91. 

37.  -  81. 

21.  -  36. 

19.  -  42 , 

Assume  w 

for  wild 
P 

grasses  ranges 

between  20 

and  80  g/f t®  . 

.001  at 

3  mo 

.01  at  4 

mo 

.05  at  1 

mo  (lawn.s  and 

young  wild 

grasses),  or  at 

5  mo  (mature  grain-bearing  grasses) . 

thus:  lawns  or  grain-bearing  grass  Young  wild  grass  mature  wild  grass 


100< 

2  to  84 

20  to  804 

Grasses  may  be  compared  with  other  typos  of  vegetative 

cover .  Thus : 

GRASSE.S 

CHAPARRAL 

FOREST 

leaves 

total 

20  -  80  g/ft® 

? 

laurel  40  g/ft® 

580  g/£t® 

(probably 
more  like 

pine  52 

760 

forest) 

avocado  72 

1080 

camphor  30 

430 

Note  that  foliar 

surface  density 

from  grass  to  forest 

remains  about 

same.  This  constancy  implies  a  maximum  leaf  density  beyond  which  photo¬ 
synthetic  efficiency  begins  to  drop.  Foliar  surface  density,  w^,  should 
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exhibit  a  sigmoid  growth  curvo,  which  It  probably  does  although  obser¬ 
vation  intervals  are  Uxt  long  for  good  growth  data. 


Miller 

's  re]x)rted  a  fur  cereals  and  other  plants 

Li 

(range  and 

ave.  values) 

arc 

as 

f ol lows : 

barley 

oats 

wheat 

corn 

beans 

1 

mo 

.006-. 11 

.005 -.05 

.006-. 11 

.01-1.3 

1 

.05 

.03 

.06 

.2 

o 

mo 

.001- .04 

.  0005- . 04 

.001- ,03 

.003- ,05 

6 

.05 

.01 

.001 

.03 

Q 

mo 

~0-  .  03 

,001-. 02 

.001-. 02 

.  01- . 07 

o 

c 

1 

k5 

.0008 

,0006 

.0008 

.03 

,02 

A 

mo 

.006-. 01 

~  0- . 009 

.0002-. 01 

.02-. 08 

.007 

.008 

.004 

.02 

5 

mo 

~0-.l 

.05 

~0 

.007 

002-.2 

.06 

6 

mo 

.04-. 3 
.1 

Trend  of  a,  (ave) 
L 

for  cereals 

is  interesting 

and  could 

be  charac- 

toristic  of  growth  and  habit  (other  explanations  entirely  una.ssociatcd 
with  growth  arc  also  possible) .  The  decrease  by  two  orders  of  magnitude 
between  one-month-old  and  three-month-old  crops  suggests  that  as  grasses 
increase  in  height  their  bending  in  response  to  winds  significantly  de¬ 
creases  their  ability  to  retain  foliar  contamination.  The  fact  that  a, 

Lt 

(ave)  subsequently  increases  by  an  order  of  magnitude  from  a  low  at  3 
month  is  probably  indicative  of  the  increased  retentive  capacity  of  the 
developing  heads  of  grain. 

2  ,  MISCELLANEOUS  NOTES 
A.  DEPOSITION  RATES 

Rates  of  dry  ceniza  deposition  reported  range  between  0.05  g/ft* 
per  hour  to  2.8  g/ft®  per  hour  (ref.  39).  One  dew  balance  rate  is 
~14  g/ft®  per  hour,  all  in  1  hr  witli  a  zero  rate  for  2  liours  to  oithor 
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side  (Hu.s])oct  u  stuck  balunce)  .  Ttital  loadings  of  444  g/ft*  arc 
reported . 

B.  WIND  WEATHKRING 

Situation  '  1  (ref.  39):  2-iiiu-old  wheat  (wheat  1  located  on  windward 
side  of  plot,  wlicat  2  located  near  center  of  plot);  lt)ading 

~7  — — ;  reference  time  (1600  7/18;  initial  a  =  0.058  and 

pit  vciiywCi^  L 

0.042  (wheat  1  and  wheat  2,  respectively). 


fraction 

reinai  nlng 

on  pit  _it  (lirs) 

ave  wind  spd 

(mph) 

wheat  1 

wheat  2 

.205 

.  113 

2.50 

3.2 

.155 

.  102 

2 .88 

4.0 

.061 

.  180 

3.33 

4.5 

.043 

.  170 

3.83 

4.9 

.029 

,  100 

5.75 

5.2 

.018 

. 127(spattov)  9.75 

5.4+  0.01" 

rain 

Situation  '’^2 

(ref.  40) 

:  (damp  condt . ;  wind  =  7- 

1/2  mph;  duration  = 

2-1/2  hr)  fraction  remaining  on  heads:  barley  = 

0.90;  oat  =  0.71; 

wheat  -  0.68 

Situation  'l3 

(ref.  40) 

:  (dry  condt?;  wind  =2.9 

mph;  duration  = 

:  6  hrs) 

fraction  remaining  on 

plant  or  p.l  ant-part  indicated: 

boots 

0.12 

squasli  Ivs  0.40 

oat  heads 

0 

cabbage 

0.38 

barley  stalks  0.21 

rye  heads 

0.23 

carrot.s 

0.30 

barley  lieads  0.58 

wheat  stalks 

0.25 

corn 

0.36 

oat  stalks  0.14 

wheat  heads 

0.24 

Smooth , 

vertical 

foliage  plants  lose  80-90\. 

(.if  particles  in 

6  hour 

other  plants 

G6-75'f. ;  barley  heads  50’'.. 
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Situation  -1^  (ref.  41);  (dry  condl?) 


fraction  remaining  on 

pit  At  (lirs) 

avc  wind  spd 

(mph) 

/.71 

0.53 

8.8 

wheat 

heads 

'  .63 

1.20 

9.0 

(  .41 

1.53 

9.0 

y.42 

0.58 

8.8 

squash 

1.50 

1.13 

9.0 

Situation  (ref. 

43) : 

fraction  remaining  on  pit  At 

(hrs) 

nvo  wind  spd 

(mph) 

avocado 

,21 

6 

5.3(gusts 

to 

14.) 

boot 

.31 

6 

5.3(gusts 

to 

14.) 

corn 

.  16 

6 

5.3(gusts 

to 

14.) 

squasli 

.29 

6 

5.3(gusts 

to 

14.) 

oat  heads 

.71 

6 

5. 3 (gusts 

to 

14.) 

rye  lioads 

.67 

0 

5 .3(gust  s 

to 

14  .  ) 

caiiiphoi'  tree 

.25 

24 

3.  (gusts 

to 

14.) 

rye  heads 

.25 

24 

3.  (gusts 

to 

14.) 

Environmental  half 

life 

is  usually  loss  than  6  hrs 

(except  cereal 

heads) ; 

half  lives  of  1  to  1-1/2  hour  arc  often  observed. 

C.  RAIN  WEATHERING 

Rain  (0.4  inches)  cleans  cereal  heads  effectively  but  spatter 
can  roc on laminate  (ref.  40).  Spatter  can  only  be  important  for  low 
vegetable  crops.  For  rains  between  0.4"  and  0.8",  the  fraction  remaining 
on  plants  ranges  between  0  to  .3  (excepting  one  value  of  0.6  for  wheat 
heads).  Little  trend  is  apparent  for  increased  amounts  of  rain. 
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fraction  remaining  on  plant  after 


0.43"  rain 

0.77"  rain 

0.84"  rain 

barley  heads 

0.14 

0. 13 

0.076 

barley  stalks 

-- 

0.031 

(i.28 

oat  lie  ads 

0.016 

~0.0 

~0.0 

uat  stalks 

-- 

0. 15 

0.096 

wheat  heads 

0.047 

0.61 

~0 . 0 

wheat  stalks 

-- 

0.32 

0 . 053 

squash  leaves 

-- 

0.076 

— 

D.  WET  VS  DUy 

DEPOSITION 

Usually  the 

contamination 

factor  under  wet 

or  liumid  conditicjns 

is  about  twice  that 

under  dry  conditions  (ref.  42). 

Thus : 

a  (wet)  ss 

Li 

2  X  a  (dry) 

Considerable  variation  is,  however, 

reported  in  this 

ratio  (ref.  42): 

a  (wct)/a  (dry);  (wind  =  7  mph) 

Li  L 

bean 

4.9 

beet 

7.2 

lettuce 

2.7 

onion 

1.4 

tomato 

1.1 

squash  (leaves) 

1.2  to  1.6 

Particles  remain  on 

leaves  of  trees 

when  leaves  are 

damp  and  tend  to 

continue  as  leaves  dry;  but  dry  particles  are  easily 

brushed  off 

(ref.  43). 

E .  1J\RGE  PIJlNT 

CONTAMINATION 

Differences 

in  the  c(^ntamination  factor,  a 

,  are  observed  for 

various  locations  within  the  canopy 

of  a  tree  (ref. 

44).  Thus: 

272 


a  (outermost  loaves;  windward  side)  =»  (2  to  3)  x  a  (central  loaves) 
L  L 

Differences  are  also  reported  with  height  (rof,  45).  Thus: 

a,  =  0.001  bottom  of  canopy 

a  =0.07  lop  of  canopy 
L 

F.  PARTICLE  SIZE 


273 


IlEFEKENCES 


1.  Cassidy,  S.  H.,  Tlie  Fortran  Computer  Pfogram  Jor  the  USNRDL  Dynamic 
Fallout  (D)  Model.  UsmtDL  TR-a37 .  22  March  1965. 

2.  Burke,  S,  P. ,  and  Plummer,  W.  B.,  "Susponoion  ol  Macroscopic  Particle 
in  a  Turbulent  Gas  Stream",  Ind.  and  Eng.  Chein.  20; 2 ,  1200,  (1928). 

3.  Diillavalle,  J.  M.  ,  Microniorltlcs ,  2nd  Ed,,  Pitman,  Now  York  (1948). 

4.  navies.  C.  N.,  "Dcl'inltivo  Equations  for  tho  Fluid  Kosistance  of 
Sphovos",  Proc  .  Hoy  Phys .  Soc .  (London)  259  (1945), 

5.  Krey,  H.,  data  given  in  Schiller,  L.  ,  Handbuch  dor  Expor.  Phv'k, 

Wlon  .and  Harms  (ed.),  Vol .  IV:2,  pp.  379-380, 

0.  Kunkol  ,  W.  D,.  "Magnitude  and  Cltaracier  of  Errors  Pmduced  by  Sliapo 
Factors  in  Stoko's  Law  Esti.iiat(;s  of  Particle  Radius",  J.  Appl  . 

Pliys.  W,  1056  (1348). 

7.  Martin,  0.,  "Kesearches  on  the  Theory  of  Fine  Grinding,  Pari  IV", 
Trans.  Cor.  Soc.  (England)  26,  21  (1927). 

8.  Muttray,  Jl,  ,  "Die  E.xperiiiientcllcii  Tatsaclicn  dcs  Widerstandos  oline 
Auflrieb",  llaiulbvich  der  E.xpcr.  Physik,  Wien  and  Harms  (cd.), 

Vol  IV:2,  233  (1932),  osp.  pp."313  and  315. 

9.  Pettyjolin,  E,  S.,  and  Christiansen,  F.  B.,  "Efioct  of  Particle 

Sliape  on  Free-settling  Ratos  of  Isometric  Particles",  Cliem.  Eng. 
Progr.,  157  (1948). 

H) .  Prandtl,  ’...and  Tict  jens  ,  0.  G.,  Applied  Hydro-  and  AeiHnuoclaanics  , 
McGraw-Hili  (1934). 

11.  Rapi),  R.  R.,and  Sartor.  J.  D.  ,  "Kate  of  Fall  Through  the  Atmosphere 
of  Ii'i'egulaiTy  Shaped  Particles",  Rand  Research  Moinorandum  KM-2()06, 

1  Nov  1957. 

12,  .Scliillca’,  L.  ,  "Fal  1  vor.suclic  ml  t  Ktigoln  und  Sclioiben",  lUiiidbucli  der 
E.xpcr.  Physik,  Wien  and  Harms,  (ed.).  Vol  IV:  2,  337  (1932),  osp.  pp , 
3('7 ,  369  and  376. 


274 


1 


13.  Wadell,  II.,  "The  Cdclilciont  «)1'  llcsistanco  as  a  Function  of  Iloynolfis 
Number  for  Solids  of  Various  .Sliapes" ,  J.  Frank.  Inst.  217 ,  4.59 
(1934)  . 

14.  "The  Physics  of  Particle  Sixe*  Analysis",  Brit.  J.  of  Ai)pl ,  Pliys  . 
(London)  Suiipl  .  3  (195  ). 

15.  Prockat,  F,,  data  Kivcii  in  Schiller,  1,.,  Haiulbucli  der  Expor,  Pliysik, 
Wien  and  Harms,  (cd.),  Vol  IV:2,  pp  379,  3H0. 

16.  lluboy,  W.  W.  ,  "Sottliin{  Velocities  cjf  Gravel,  Sand,  and  Silt 
Particles",  Amer.  J,  Sci .  25,  325  (1933). 

17.  Droido  I  A.,  Ccji'cos,  G.  M.,  and  McMaslers,  A.,  A  Simple  Method  of 
Determining  Fall  Velocity  of  Fallout  Particles,  Civ.  Def .  Kes .  Pro.)., 
scries  2,  issue  3H  (14  July  1961). 

18.  Cunningham,  E.  ,  "On  the  Velocity  of  .Steady  Fall  rjf  Sidierical 
Particles  Through  Fluid  Mottium",  Pi'oc .  Hoy.  Soc .  (l.ondon)  ^ 

(Sor  .  A) ,  357  (191())  . 

19.  U.S.  Standard  Atmosijhoi'e  froin  Handbook  of  Geopli;’slcs  (Hev.  ed . ) 
MacMillan  (1961). 

20.  Greenfield,  S.  M.,  and  Haiip,  U.  U.  ,  ItA.M)  Fallout  Symp<nsiuiii  (U), 
AFSVVP-1050,  1  A|)i'il  19.57;  pi’oseiitat i<»n  of  A.  0.  Anderson,  Appendix 
C,  p.  54,  Figure  2. 

21.  Cassidy,  S.  H.,  The  Fortran  Coinputoi'  Program  foi'  a  Dyiiai.iic  Fallout 
Mass  Model ,  USNHDL  LH-16H,  25  Feb  1966. 

22  .  Ksand.a ,  C  .  F  .  ,  Some  Helations  Between  the  Times  of  Ari'ival  and 
Cessation  of  Fallout,  USNIUIL  TH-833,  17  March  1965. 

23.  Callahan  ct  al  ,  Tlie  Probable  Fallout  Threat  Ovci'  the  C<uitinental 
United  States,  Heport  No,  TO-B  60-13,  Technical  Operations,  Inc., 

1  Dec  1960. 

24.  F  re  i  ling,  E.  C.,  Fi'actionation  I,  High-Yield  Surfaces  Durst  Ct)rrela- 
tion,  USNHDL  TIl-385,  13  Jan  1960. 


25,  Freiling,  E.  C.,  and  Uainoy,  S.  C.,  Fractionation  II,  On  Defining 
the  Surface  Density  of  Contamination,  USNHDL  TH-631,  13  .Mui'  1963. 

26.  Freiling,  E.  C.,  Fractionation  III,  E.stimatlnn  of  Degree  ol_Frae- 

tionation  and  Hadionuclide  Partition  for  Nuclear  l)ei)i’is  ,  US.NHUI. 
TH-680,  12  Sept  1963.  - 


1 


I 


275 


27.  Froiling,  E,  C.,  Kay,  M.  A.,  and  Sanderson,  J.  V.,  Fractionation 
IVi  IlluBtratlvo  Calculations  of  the  Effect  o£  Radionuclide  Froc- 
tionniion  ot  Exposufo-lloae  Itato  from  lK)cal  Fallout,  USNIIDL  Tll-715, 

6  Jan  lOtii  . 

28.  Cassidy,  S.  II.,  Gonorgllzod  Land  Fallout  Model  Computer  Program 
(GLFMCP)  ,  USNItDl.  15  Doe  '(i.l  Prototype,  USNIIDL  LK-149,  17  Doc  1965. 

29.  Cassidy,  S.  II.,  Fortran  Statement  of  the  Generalized  Land  Fallout 
Model  Computer  Pi-ogram  (GLFMCP),  USNIIDL  15  Mar  '66  Prototype, 

USNIIDL  Lll-176,  16  Mar  1966. 

30.  Cassidy,  S.  II.,  Tlic  Computer  Program  (TSAD.VD)  Which  Pi\)ducos  Tables 
of  Mass-Clialn  Ucfractt>ry  and  Fission-Product  Uadloactlvlty  Cent ont 
fo r  the  Panic lo-Activlty  Modulo  of  the  POD  Fallout  Model  ,  USNIIDL 
LIl-i73,  8  Marcli  1966. 

31.  Toiiinuvoc ,  F.  M.,  Ferguson,  J.  M.,  and  Weldon,  D.  M.,  The  Effect  of 
g  Cl  1  anglng  Gaiiiiiia-Uay  Fallout  Spectrum  <jn  the  Gi'ound  Uoughnes.s 
Factor,  USNIIDL  TU-fll5,  22  Sept  1965. 

32.  Private  coiiununication  with  J.  M.  Ferguson, 

33.  Clark,  D.,  Kawaliara ,  F.  K.,  and  Cobbin,  W.  C.,  Fallout  Sampling 
and  Analysis:  Hadlution  Dose  Kate  and  Dose  History  at  16  Locations 
(U)  ,  poll  2289,  24  Oct  1963. 

34.  Evans  III,  E.  C.,  and  Shirasawa,  T.  H. ,  Characteristics  of  the 
Hadlogctlve  Cloud  from  Underwater  Bursts  (U),  WT-1621,  15  Jan  1962. 

35.  Young,  G.  A,,  The  Physics  of  the  Base  Surge,  NOL  TU-103,  17  June  1965. 

36.  Penney,  W.  G,,  and  Thornhill,  C.  K.,  "The  Dispersion  Under  Gravity 
of  a  Column  of  Fluid  Supported  on  a  lUgid  Horizontal  Plano,"  Phil. 
Trans.  Hoy.  Soc .  A  244 ,  285  (1952). 

37.  Rohror,  K.,  and  Knox,  J.  B.,  Base  Surge  Analysis,  Project  Pre-Buggy, 
PNE-304,  Sept  1963. 

38.  Miller,  C.  F.,  and  Lane,  W.  B.,  Operation  Cciilza- Arena ;  1.  The 

Contaiiiinatl on  of  Ono-Montli-Old  Crop  Plants  by  Particles  Ejected  by 
Volcan  Irazu  (Preliminary)  SHI  Project  No.  IMU-4890,  preliminary 
report  dtd  June  1964. 

39.  Miller,  C.  F.,  and  Lane,  W.  B.,  Operation  Ceiiiza-Arenu :  2,  The 

Contaiiiination  of  Two-Month-Old  Cr< )p  Plants  by  Particles  Ejected  by 
Volcan  Irazu  (Preliminary)  SUI  Project  No.  IMU-4890,  preliminary 
roijort  dtd  Juno  1964 . 


276 


40.  Millor,  C.  F.,  and  Lano,  V  II.,  Operutioii  Cuiilza-AixMia ;  Tin.- 

CuntaiiUnat it>ii  nl'  Thrco-Moiuli-OLcI  Crnj)  Plants  by  Parllclus  KjectLil 
by  Volcan  lri>-,;u  (Prol  Imlnury )  SKI  Prcijoft  Nn.  IMU-4H00,  prcl  l;ii  I  iia  iv 
report  did  Aon  19G4  . 

41.  Miller,  C.  F  ,  and  Lane,  W.  li .  ,  Opera!  i<iii  Cenl/.a-Arono  ;  4.  I'lio 

Containing  lion  ol'  Fo  u  r-Month-Old  Crop  PlantB  by  Particles  Ejected 

by  Vulcan  Iraati  (Proiiniinary)  ,  SKI  Pro.Ji-ct  No.  IMU-4KOO,  prel  1  ml luiry 
report  dlil  Sept  1964  . 

42.  Miller,  C.  F.,  Lane,  W.  B.,  and  Sartor,  J.  D.,  Operation  Ceiil/.n- 

Areng ;  5.  Tlio  Contamlnatli>ii  of  Flve-Montii-Old  Crop  P 1  ants  by 

Particles  E.lectod  by  Volcan  Ira/.u  (Prel  Imlnury)  SKI  Pro.jucl  No. 
IMU“4S9(),  preliminary  report  did  Oct  1964. 

43.  Lane,  W.  B,,  Sartor,  J.  D.,  and  Millor,  C.  F.,  Operation  Cenl/a- 
Aronu!  6.  The  Con tginlna t Ion  of  Sl.\-Montli-01d  Crop  Plants  by 
Particles  E.joctcti  by  Volcan  Iraxii  (Preliminary)  SRI  Pro.Ject  No. 
IMU-4HH0,  preliminary  report  dtd  Nov  1964. 

44.  Miller,  C.  F,,  and  Lane,  W.  B.,  Operation  Conl/.a-Areiia ;  7,  The 

Contuiiiinat ion  ol'  Sevon-Montli-Old  Crop  Plants  by  Particles  Ejected 
by  Volcan  Irazu  (Prelliiilnary)  SRI  Pro.ject  No.  IMU-4S9(),  preliminary 
report  dtd  Dec  1964 . 

45.  Millor,  C.  F.,  and  Lane,  W.  B.,  Oix.*rat  ion  Ceiil/.a-Arena  i  H. _ The 

Centaiiiinatlon  oi'  Crop  Plants  and  Tree  Foliano  by  Purtlcle.s  B.jec ted 
by  Volcan  Irazu  (Preliminary)  SRI  Project  No.  lMU-4899,  preliminary 
report  dtd  Jan  1965. 

46.  Millor,  C.  F.,  Lane,  W,  B.,  and  Joyce,  J.  L. ,  Operation  Cunliia- 

Arong ;  9.  Tlio  Contamination  oT  Crop  Plants  and  Tree  Follut;e  by 

Particles  Ejected  by  Volcan  Iray.u  (Prelliiilnary)  SKI  Project  No, 
IMU~4899,  prcliininury  repoi-t  dtd  Fob  1965. 

47.  Sotilo,  K.  K.  ,  Studies  oX'  Volcanic  Fallout  Related  to  PCD  ProbloniH , 
Phaao  1 ,  USNRDL  LH-53,  1  May  1964. 

48.  Crew,  R,  J.,  and  Kawaliara,  F.  K.,  Studios  oT  Volcanic  Fallout  Related 
to  PCD  Problems,  Phase  II,  USNRDL  LH-60,  19  June  1964. 

49.  Millar,  C.  F, ,  Fallout  and  Radlolo(;lcal  Countermeasures,  Vol  I  and 
11,  SRI  Project  No.  IM-4021,  Jan  1963. 

50.  Russell,  H.  Scott,  "An  Introductory  Review  -  Interception  and 
Retention  ol  Airborne  Material  on  Plants,"  licaltb  Physics  11 , 

1305  (1965). 


277 


51.  Martin,  W.  E.,  "interception  and  Uoteiitinn  of  Fallout  by  Desert 
Shrubs,  "  Ilealih  Pliys .  U,  1341  (1965). 

52.  Ksunda,  C.  F.,  "Ship  Shlcltlint$  Calculations,"  proc  .  Tripartite  Syiiip. 
on  Technical  Status  ciI  Radiological  Defense  in  the  Fleets  tSNllDL 
H&L  No.  103,  May  1960. 

53.  Ksanda,  C.  F.,  ot  al ,  Gamma  Racligtions  i'roin  Coiitaiiilnatod  Pianos  and 
.Slabs ,  USNIIDL  TM-27,  19  Jan  1955. 

54 .  Design  and  Huviow  oX  Structures  lor  Protection  from  Fallout  Gaimna 
Itadigtion ,  OCD  PiH)Xossional  Manual,  PM  100-1. 

55.  LaUivicro,  P.  D.,  Early-Tliiic  Gaimiia  Hay  ProiJortics  u£  11^'^°  Gross 
Fission  Products,  OSNIIDL  TM-89,  9  July  1958. 

.56.  Fetoris,  P.  J.,  Kessler  III,  E.,  Newburf;,  E.  A.,  Tliu  Ini'luence  of 
Local  Winds  on  Fallout,  Travelers  Research  Center,  Prog.  Kept.  -''I 
Contract  DA  36-039,  AMC-03283  (E)  dtd  July  -  Dec  1963. 

57.  Kangos ,  J.  U.,  The  Influence  of  Local  Wind.s  on  Fallout,  Travelers 
uesoarch  Center  Technical  Report  EC0M-()0392-F  dtd  Marcli  1966. 

58.  Kulp,  J.  L. ,  and  Schulcrt,  A.  R.,  Strontium-90  in  Man  and  His  Kn- 
vironmont,  Vol  I;  Suiiiir.ary,  Atomic  Energy  Coiimiission ,  Div  of  Biol, 
and  Med.  Report  NYO-9934,  May  1962. 

59.  Aloxai'.dor,  L.  T.,  and  Hardy,  E.  J.,  "Rainfall  and  Deposition  of  Sr®° 
in  Clullaiu  County,  Washington,"  Science  136 ,  881  (1962). 

60.  Greenfield,  S.  M.,  Rain  .Scavenging  of  Radioactive  Particulate  Matter 
from  the  Atmosphere,  J.  Meteor,  jl,  il5  (1907), 

61.  Fowler,  E.  U .  (ed).  Radioactive  Fallout,  Soils,  Plants,  Foods,  Man, 
Elsevier  (1965). 

62.  Eisenhud,  M.,  Environiiiontal  Radioactivity,  McGraw-Hill  (1963). 

63.  Schultz,  V.,  and  Klemont  ,  A.  W.  ,  Radioccology ,  Reinhold  Publ .  Co. 

( 1963) . 

64.  Larson,  K,  H,,  Neel,  J.  W. ,  ot  al .  Summary  Statement  of  Findings 
Related  to  the  Distribution  Characteristics,  and  Biological  Avail¬ 
ability  of  Fallout  Debris  Originating  fi'oin  Testing,  UCLA-438,  1960. 

65.  Lindbcrg,  R,  G.,  ot  al .  Factors  Influencing  the  Biological  Fate  and 
Pcrsistonco  of  Radioactive  Fallout,  Operation  Teapot,  WT-1177,  1959. 


278 


06,  llomnoy,  E.  M.,  Liiulbci'Ki  N.  G.  ,  Hawthorno,  II.  A.,  Dystrom,  B.  G., 

and  Lursun,  K.  H. ,  "Contaminatii>n  of  Plant  Foliage  with  Radioactive 
Fallout,"  Ecology  343  (1963). 

67.  Russell,  R.  S.,  and  Possingham,  J.  V.,  "Physical  Characteristics  of 
Fallout  and  its  Retention  on  Herbage,"  Progr,  Nucl.  Energy,  Series 
VI,  Vol  3_,  Sect,  2,  Pergamon  (1961). 

68.  Russell,  R.  S,,  "The  Extent  and  Consequences  of  the  Uptake  by  Plants 
of  Radioactive  Nuclides,"  Ann.  Rev.  Plant  Phys.  14,  271  (1963). 

69.  Private  communication,  J.  F.  Cline. 

70.  Moorby,  J. ,  and  Squire,  H.  M. ,  "The  Loss  of  Radioactive  Isotopes 
from  the  Loaves  of  Plants  in  Dry  Conditions,"  Radiation  Botany  3, 

163  (1963). 

71.  Dean,  G.  A.,  and  Ohmstcad,  W,  D.,  Oahu  Research  Center  Special  Re- 
port  No.  1.  AF  19  (604)  -  546. 

72.  AFSWP  Fallout  Symposium  AFSWP-895  (1955),  presentation  of  D,  Rex 
pp  461-472;  conunont  of  L.  Machta,  p.  205. 

73.  Personal  communication  with  L.  Machta, 


74,  Fletcher,  The  Physics  of  Rainclouds,  Cambridge  Univ,  Press  (1962). 

75,  Dofant,  F.,  "Local  Winds"  Compendium  of  Meteorology,  T,  F.  Malone 
(ed.),  pp  655-671,  American  Meteorological  Society,  Boston  (1951), 


76. 


77. 


78. 

79. 

80. 


Booker,  D.  R. ,  "Modification  of  Convective  Storms  by  Lee  Waves," 
Meteor.  Monogr,  5:27,  129  (1963). 

Scorer,  R,  s..  Natural  Aerodynamics,  Pergamon  Press  (1958). 

Geiger,  R. ,  The  Climate  Near  the  Ground,  Harvard  Univ.  Press  (1965). 
Private  communication  with  L.  Arnold. 

Ludlam,  F.  H. ,  "Severe  Local  Storms:  a  Review,"  Meteor,  Monogr, 
5:27,  1  (1963). 


81.  Broido,  A.,  and  McMasters,  A.  W. ,  The  Influence  of  a  Fire-Induced 
Convective  Ci  lumn  on  Radiological  Fallout  Patterns,  Calif.  Forest 
and  Range  Experimental  Station,  Technical  Paper  #32,  dtd  March  1959. 


279 


82.  Countryman,  C.  M.,  Mass  Fires  and  Fire  Behavior,  U.S.  Forest 
Service  IloBoarch  Paper,  PJW-19  (1964). 

83.  Evans  III,  E.  C. ,  and  Tracey,  E.  T.,  ObservationB  of  Mass  Fire 
460-14  at  Mono  Ukc ■ "  OSNRDL  LR-158,  24  Jan  1966. 

84.  Woodwell ,  G.  M. ,  "Rodiation  and  the  Patterns  of  Nature,"  Brookhaven 
Lecture  Series  No.  45,  24  March  1965. 


280 


I  ( 


! 

Fig.  1,  A  Comparison  of  Terminal  Falling  Speeds  for  Spheres  and 
Cylinders  as  a  Function  of  Diameter.  (See  text  for  ex¬ 
planation  of  dimensionless  parameters  employed.) 
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ALTiTUOf  (ft) 


rig.  2.  Terminal  Velocities  as  a  Function  of  Altitude  for  D-Model 
Fallout  Particles  of  Various  Sizes 
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Fig.  3.  USNRDL  D-Model  Disk  Display  at  30  Minutes  after  a  1  KT 

Burst.  (Activity-Particle  size  distribution  for  NTS  soil; 
AROC  1961  atmosphere.) 


Fig.  4.  Close-in  and  Intermediate  Fallout  Regions  for  1  KT,  10  KT, 
100  KT,  1  MT  and  10  MT  Bursts 


RATIO 


Fig.  5.  Changes  l.i  Radiation  Field  Due  to  Retention  of  Fallout  on 
Crass  (1.25  Mev  gamma) 


Ratio  t= 


3*  Exposure  over  Grassy  Plane  with  Fraction  Suspended 
3'  Exposure  over  Grassy  P'ane  with  None  Supsended 


FRACTION  SUSPENOED  II  -  II 


Changes  in  Radiation  F.^eld  Due  to  Retention  in  Cunopy  oi  Low 
Trees  (1.2S  Mev  gamma) 

3*  Exnosiirp  flvnr  PI  nriA  w/Ernnt-Inn  RiinnanriAr)  In  l^nnnnv 


Ratio 


3*  Exposure  Over  Plane  w/None  Suspended  in  Canopy 


RATIO 


Fig. 


8. 


Fallout  with  Different  Terminal  Falling  Vel- 

reJ  S)  ®"‘'  D°'^"‘^«-aft  Column  (from 

ref.  56  .  H  =  height  of  column;  Vt  =  terminal  falling  velo- 

ve  oo  Si'::';.;  r  ••  —fi  t,™C 

velocity  at  sea  level  and  at  30K  ft,  respectively. 
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THE  OOD  LAND  FALLOUT  PREDICTION  SYSTEM 
R.  C.  Tompkins 

US  Army  Nuclear  Defense  Laboratory 


ABSTRACT 

The  DOD  Land-Fallout  Prediction  System  is  a  computer 
program  based  on  a  comprehensive  description  of  the  physics 
of  radioactive  fallout  from  burst  until  after  deposition. 

It  is  designed  to  satisfy  the  following  DOD  requirements; 

(1)  The  prediction  of  fallout  for  long-range  planning 
purposes  to  include  the  estimation  of  the  effects 

of  potential  enemy  attacks  and  the  analysis  of  ^ 

enemy  post-strike  capabilities. 

(2)  A  standard  prediction  system  useful  for  deter¬ 
mining  and  evaluating  the  intent  to  which  given 
input  parameters  affect  prediction  accuracy. 

(3)  A  comprehensive  prediction  model  that  can  serve 
as  the  basis  for  the  development  of  field  opera¬ 
tional  prediction  systems  through  selective 
simplification. 

The  DOD  model  is  primarily  a  research  tool,  not  an 
operational  predictor.  It  is  not  designed  to  provide  real- 
time  predictions.  Emphasis  has  been  placed  upon  comprehon-  i 

siveness,  flexibility,  and  fidelity  to  the  physical  processes.  f 

Flexibility  is  achieved  by  a  modular  design  that  permits 
piecewise  modifications  and  a  variety  of  user  options. 

This  model  is  being  developed  under  the  sponsorship 
of  the  Defense  Atomic  Support  Agency  with  management  by  the 
U.S.  Army  Nuclear  Defense  Laboratory  and  participation  by 
the  U.S.  Naval  Radiological  Defense  Laboratory  and  the 
U.  S.  Army  Electronics  Command,  A  large  portion  of  tl^'  work 
is  under  contract  to  Technical  Operations,  Incorporated. 

The  initial  version  of  the  computer  progj’am  is  schedul¬ 
ed  to  be  available  to  users  on  30  June  1966, 
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The  OOD  Fallout  Model  was  motivated  by  the  realization  tliat  we 
were  faced  with  a  proliferation  of  fallout  prediction  ayatems  of 
various  degrees  of  complexity  and  generally  questionable  reliability. 
This  multitude  of  models  resulted  from  largely  uncoordinntod  efforts 
by  many  organizations.  These  old  models  differ  in  basic  assumptions, 
technique,  and  nature  of  output.  Unfortunately,  they  also  differ  in 
their  predictions.  They  certainly  cannot  all  bo  right,  and  there  is 
a  strong  suspicion  that  none  of  them  are.  One  disturbing  character¬ 
istic  of  most  past  models  is  their  calibration  against  some  particular 
test  detonation.  Later  comparisons  of  predictions  with  other  tests 
have  usually  proved  embarrassing. 

The  DOO  Model  is  designed  to  avoid  these  difficulties  insofar  an 
possible.  The  effort  is  highly  coordinated  under  the  sponsorship  of 
the  Dofonso  Atomic  Support  Agency  and  the  management  of  the  Nuclear 
Defense  Laboratory.  Participating  in  various  phases  of  the  develop¬ 
ment  arc  two  other  government  laboratories,  the  Naval  Hadiological 
Defense  Laboratory  and  the  Army  Atmospheric  Sciences  Laboratory, 
and  one  contractor,  Technical  Operations  Research. 

The  DOD  Model  is  conceived  primarily  as  a  research  tc>ol.  We 
expect  it  to  serve  as  a  standard  of  comparison  and  as  a  basis  for 
assessing  the  requirements  for  input  accuracy.  Practical  systems  for 
specialized  purposes  and  real-time  prediction  will  be  derived  from  the 
DOD  Model  by  selective  simplification. 

The  guiding  philosophy  has  been  to  approach  as  nearly  as 
possible  the  physical  realities  of  the  fallout  process  on  a  theoret¬ 
ical  basis.  Under  the  severe  time  limitations  of  this  project, 

we  have  been  forced  into  the  unfortunate  necessity  of  introducing  a 
certain  amount  of  empiricism.  However,  we  are  not  calibrating  against 
some  handy  test  shot.  Rather,  we  have  interpolated  and  extrapolated 
data  from  a  number  of  tests  to  arrive  at  some  of  the  parametric 
constants . 


The  DOD  Model  will  take  the  form  of  a  very  large  computer  program 
coded  In  FORTRAN  IV.  The  program  will  be  fully  documented  so  that 
there  will  be  no  question  as  to  the  relation  between  the  computer  code 
and  the  underlying  physics  and  mathematics  of  the  model.  In  other 
words,  this  model  will  nut  be  a  mystery  known  only  to  some  computer. 

The  documentation  will  consist  of  a  general  description  of  tho 
system,  a  description  of  each  modulo,  and  an  operator's  manual.  Tho 
format  for  the  module  descriptions  Is  shown  In  Fig.  1.  Tho  operator's 
manual  will  contain  Sections  H,  I  and  J  for  each  module. 

We  have  placed  great  emphasis  on  flexibility  in  order  both  to 
facilitate  incorporation  of  the  results  of  future  research  and  to 
serve  the  divers  needs  of  prospective  users.  Mr.  Schwenke  has 
already  described  the  flexibility  in  output.  Beyond  this  wo  are 
constructing  the  model  in  a  .modular  fashion.  Hence,  individual 
modules  can  be  replaced  as  required  with  Improved  versions  or 
supplanted  by  numerical  information  fi-om  another  source. 

There  are  five  principal  modules  In  the  program.  These  are: 
Initial  Conditions,  Cloud  Rise,  Transport,  Particle-Activity,  and 
Output  Processor.  Each  of  these  modules  in  turn  has  sub-modules. 

The  Initial  Conditions  Module  was  developed  by  Technical 
Operations  under  contract  to  Nuclear  Defense  Laboratory.  The  inputs 
are  weapon  yield,  height  or  depth  of  burst,  soli  category,  and  the 
particle-size  distribution  of  the  presbot  soil.  The  outputs  are 
temperature,  mass  of  soil,  particle-size  distribution,  and  phase 
distribution  in  the  fireball  at  a  specified  time.  This  time  is 
taken  as  the  end  of  the  hover  period. 

The  initial  time  was  related  to  ylela  and  height  of  burst  by 
an  empirical  fit  to  data  from  14  test  detonations.  The  corresponding 
temperature  is  obtained  by  extrapolating  the  data  of  Hlllendahl , 
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Data  from  9  teat  detonations  were  used  to  derive  the  soil  burden 
ot  the  fireball.  Two  methods  wore  used  to  calculate  mass  of  soil. 

One  was  the  integration  of  mass  collections  over  the  fallout  pattern. 
The  other  was  based  on  the  specific  activity  of  either  Ce***  or  Mo®* 
in  the  collected  fallout.  Whore  both  methods  could  be  applied,  the 
results  were  in  good  agreement.  Scaling  functions  for  yield  and  height 
or  depth  of  burst  were  sot  up  to  be  consistent  with  Nordyke's  crater 
scaling. 

The  initial  time  Is  sufficiently  late  that  we  can  assume  that 
residence  of  particles  In  the  hot  regions  of  the  cloud  have  been  long 
enough  to  cause  complete  vaporization.  On  the  other  hand,  the  Initial 
time  Is  sufficiently  early  that  little  particle  growth  could  have 
occurred.  Therefore,  we  conclude  that  soil  particles  present  in  the 
cooler  regions  of  the  cloud  have  the  preshot  soil  slze-f reqneucy 
distribution. 

A  satisfactory  answer  to  the  question  of  phase  distribution  has 
not  been  found.  At  present  we  are  using  a  tentative  assumption  that 
20  percent  of  the  soil  mass  Is  In  the  vapor  state  at  the  initial  time. 

The  Initial  Conditions  Module  is  by  far  the  most  empirical  part 
of  the  DOD  Model,  We  had  hoped  at  the  outset  to  put  it  on  a  much  more 
theoretical  basis,  but  it  is  now  evident  that  such  a  development  will 
require  a  large  project  of  its  own. 

The  Initial  Conditions  Module  sets  the  stage  for  the  Cloud  Rise 

Module  which  has  been  described  for  you  by  Dr.  Norment .  As  early  as 

our  original  proposal  to  DASA  for  this  work,  we  desired  to  include 

internal  circulation  of  the  cloud  in  the  model.  In  the  early  planning 

stages,  however,  some  doubts  arose  as  to  whether  this  approach  could 

be  carried  to  a  successful  conclusion  at  the  present  state-of-the-art. 

Therefore,  NRDL  was  assigned  a  parallel  task  of  modifying  Mr.  Huebsch's 

('ll 

Water  .Surface  Cloud  Rise  model  to  apply  to  a  land  surface  burst. 


In  this  way  wc  provided  ourselves  with  a  sort  of  insurance.  As  a 
result  we  now  have  two  cloud  rise  modules. 

The  Transport  Module  and  the  Output  Processor  have  already  been 
described  by  Mr.  Schwenke. 

The  Particle  Activity  Module  is  an  assembly  of  bits  and  pieces 

from  a  number  of  different  programs  developed  at  NRDL.  These  include 

Mr.  Cassidy's  programs''  ’  for  the  Frelllng  Radial  Distribution 
(6) 

Model,  and  the  Decay  Analysis  Routine  and  Buildup  and  Decay  Routine 

(7) 

of  Hogan,  Crawford,  and  Goddard.  The  structure  of  the  Particle 
Activity  Module  Is  shown  in  Fig.  2  which  lists  the  FORTRAN  subroutines. 

Subroutine  DARO  reads  in  the  nuclear  transitions  of  the  fission 
products  and  sorts  and  edits  them  Into  the  form  required  later  in  the 
program.  This  subroutine  is  essentially  the  same  as  the  Decay  Analysis 
Routine.ol  Hogan,  Crawford,  and  Goddard  with  the  neutron  capture  reac¬ 
tions  removed.  Subroutine  YIELD  simply  roads  in  the  fission-yield 
data  for  the  type  of  fission  occurring  in  the  detonation  of  interest. 
FRACTD  carries  out  further  editing  on  the  decay  subchains.  ROBIN  which 
stands  for  reorder  by  indices  NPARNT,  is  a  subroutine  for  sorting  the 
table  of  fission  products  into  meaningful  order.  The  computations  up 
to  this  point  are  required  only  once  for  any  particular  burst. 

Subroutine  INGEN  computes  the  complex,  sequential  decay  of  the 
fission  product  by  means  of  the  Bateman  equation.  The  Bateman  co¬ 
efficients  are  computed  by  BATMAN  and  then  either  the  abundance  of 
each  fission  product  or  the  accumulated  dose  from  each  fission  product 
is  computed  according  to  the  user's  request. 

Subroutine  FRATIO  takes  the  fission-product  abundances  computed 
by  INGEN  for  the  time  at  which  the  cloud  reaches  the  condensation 
temperature  of  the  soil,  and  computes  the  Frel ling  F  factor  on  the 

A 

basis  of  the  fission-product  boiling  point.  This  subroutine  is 
exercised  only  once  for  each  burst. 
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Subroutine  QXPSR  first  reads  In  Sam  Rainey's  exposure-rate 
(8) 

multipliers,  which  convert  the  activity  per  unit  area  of  each  fission 
product  into  R/hr.  These  multipliers  are  then  used  with  the  fission- 
produet  activity  computed  at  the  time  of  Interest  to  compute  mass 
chain  normalization  factors.  The  mass  chains  are  then  distributed 
over  the  various  particle  sizes  on  the  basis  of  Frelllng's  radial 
distribution  model. 

The  Induced  Activity  Module  was  developed  by  Mr.  Tom  Jones  of 

(9) 

NRDL.  The  basic  assumption  in  this  subroutine  is  that  the  soil 
which  appears  as  fallout  will  absorb  all  of  the  neutrons  seen  by  the 
apparent  crater.  The  Induced  nuclides  are  distributed  with  particle 
size  on  the  assumption  that  they  are  refractory  in  the  sense  of 
Frelling . 

Subroutine  MCHDEP  (for  mass  chain  deposit)  provides  the  user  the 
option  of  requesting  the  fallout  of  any  one  of  90  mass  chains  in  curios 
per  cm*.  The  procedure  is  slmil.mr  to  that  in  GXPSR  except,  of  course, 
that  there  are  no  exposure-rate  multipliers  here.  It  should  be  noted 
that  it  is  impracticable  to  have  an  output  of  individual  fission- 
product  nuclides  because  the  Freiling  model  works  in  terms  of  mass 
chains.  However,  in  most  of  the  mass  chains  of  concern  to  users  such 
as  Civil  Defense,  only  one  member  of  the  chain  is  of  significance  at 
the  times  of  Interest. 

The  model  will  be  tested  against  a  number  of  test  detonations. 

We  cannot,  however,  expect  perfect  agreement  for  two  reasons.  In  the 
first  place  there  are  many  uncertainties  in  the  observed  fallout 
patterns.  Secondly,  the  DOD  Model  requires  more  comprehensive  environ¬ 
mental  inputs,  especially  meteorological  conditions,  than  are  available 
for  test  shots.  However,  we  do  require  consistency. 
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The  initial  version  of  the  DOD  Model  is  scheduled  for  delivery  to 
DASA  on  30  June  1966.  Some  additional  polishing  of  rough  edges  will 
be  carried  out  during  the  summer.  DASA  expects  that  this  model  will 
be  adopted  as  the  standard  fur  all  DOD  Agencies. 
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SESSION  FOUR 
RADIATION  FIELDS 


PREDICTIONS  OF  SOME  RADIATION  PROPERTIES  OF  UNFRACTIOKATED  AND 
FRACTIONATED  FALLOUT  FIELDS 


C.  R.  Crocker 

U.S.  Naval  Radluloi'r'cal  Dofonso  Laboratory 
San  Francisco,  California 


ABSTIUCT 

Calculations  have  been  made  of  the  activities,  gainma- 
spectra,  and  exposure  rates  at  3  feet  above  an  infinite  plane 
for  unfractionated  fission  products  resulting  from  12  dif¬ 
ferent  fission  cases.  The  predictions  were  made  for  29 
time  points,  ranging  from  1  hr  to  70  yr  after  fission.  The 
same  calculations  were  made  for  fractionated  fission  products, 
using  an  empirical  method  to  estimate  fractionation  parameters 
for  botl)  high-yield  and  low-yield  bursts  and  for  typical  cases 
of  both  local  and  long-range  fallout.  The  results  of  the 
calculations  were  compared  with  those  from  previous  calcula¬ 
tions  and  differences  between  the  results  for  the  various 
fission  cases  and  between  the  fractionated  and  unf ractionated 
cases  were  analyzed.  For  each  of  the  12  fission  cases  (at 
each  time  point) ,  the  principal  contributors  to  the  activity 
and  to  the  exposure  rate  were  selected  from  the  computer 
output.  In  the  unfractionated  case,  most  of  the  activity 
and  exposure-rate  at  any  time  can  be  attributed  to  a 
relatively  small  number  of  nuclides — fewer  than  10.  At  almost 
all  t '.mes  after  fission,  these  principal  contributors  are 
dominated  by  nuclides  that  are  subject  to  fractionation,  such 
as  the  iodine  isotopes,  Ba‘'*®-La‘4®,  and  Cs ' ®T-Ba ‘ .  The 
iodines  are  of  particular  importance  for  the  first  several 
days  after  fission.  In  fractionated  fallout  which  is 
depleted  in  those  nuclides,  such  as  the  close-in  fallout 
from  surface  bursts,  the  exposure  rates  are  much  reduced. 
Conversely,  the  oxi>osure  rates  of  fallout  enriched  in 
those  nuclides,  i.c.,  world-wide  fallout  from  surface  bursts, 
arc  increased. 
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INTaODUCTION 


Computer  calculations  wore  made  of  the  activities,  the  exposure 

rates  at  three  feet  above  an  Infinite,  unlformly-contalmlnatod  plane, 

and  the  gamma-emlsslon  spectra  resulting  from  unfractionated  fission- 

product  mixtures.  The  Input  data  were  considerably  Improved  over  that 

(12  34) 

used  In  earlier  calculations  '  ’  '  for  the  thermal-neutron  fission  of 
jjsas  fission-product  decay  chains  used  in  the  present  calculation, 

including  half-lives  and  branching  fractions,  have  been  presented  In 
Reference  5.  Chain  and  independent  yields  were  taken  from  Reference  6, 
and  gamma-photon  energies  and  abundances  from  Reference  7.  A  detailed 
description  of  the  computer  program  for  calculating  the  build-up  and 
decay  of  the  fission-product  radio-nuclides  Is  given  in  Reference  8. 

CALCULATIONS  FOR  UNFRACTIONATED  CASES 

The  present  calculations  have  been  extended  to  cover  several  fission 
cases  other  than  the  thermal-neutron  fission  of  U*®®,  viz: 

(1)  u®®®,  fission-spectrum  neutrons 

(2)  u®®®,  14-Mev  neutrons 

(3)  U®®®,  fission-spectrum  neutrons 

(4)  Pu®®®  ,  fission-spectrum  neutrons 

(5)  U®®®,  f isslon-sepctrum  neutrons 

(6)  U®®®,  thermonuclear  neutron  fission 

The  calculations  were  carried  out  for  29  time  points,  ranging 
from  1  hr  to  70  yr  after  fission.  For  each  time  point,  the  computer 
listed  the  activity  and  exposure  rate  contribution  for  each  fission- 
product  nuclide  contributing  1^  or  more  of  the  total.  The  gamma-spectra 
calculation  gave  the  number  of  photons  per  second  emitted  by  the  products 
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of  10*  fissions  In  each  of  forty  0.1  Mcv  energy  Increments  ranging 
froM  sero  to  4.0  Mev.  Uufract Iona ted  fission-product  normalization 
factors  at  1.  10,  and  100  hours  were  also  calculated. 

This  paper  will  present  only  a  general  discussion  of  the  results 
of  the  calculations,  since  details  of  the  prediction  for  the  individual 
cases  are  being  published  in  an  NROL  report. 

CALCUIATIONS  FOR  FRACTIONATED  CASES 

Predictions  of  the  radiation  properties  of  fallout  fields  must  refer 
to  a  fission-product  mixture  of  specified  composition.  In  the  unfrac- 
tlonated  cases,  the  composition  is  implied  by  the  mass-chain  yield  curve 
for  the  type  of  fission  under  consideration.  For  the  fractionated  cases, 
the  composition  can  be  simply  expressed  by  choosing  one  mass  chain  as  a 
reference.  Concentrations  of  other  mass  chains  can  then  be  specified 
as  ratios  of  their  concentrations  to  the  concentration  of  the  reference 
chain.  Convenient  units  are  equivalent  fissions;  l.e.,  the  number  of 
fissions  required  to  produce  the  amount  of  the  nuclide  present.  In  the 
present  calculations,  the  compositions  are  referred  to  equivalent  fissions 
of  the  mass-95  chain,  fes.  The  amount  of  any  other  mass-chain  ^  is  given 
by  the  ratio: 

1,85  ”  f»  5 


An  empirical  method  was  used  to  assign  values  of  r  for  the 

1)95 

fission-product  mass  chains  for  various  kinds  of  fractionated  fallout. 
Predictions  were  then  made  of  the  radiation  properties  of  the  fission 
products  present  in  a  sample  containing  10*  equivalent  fissions  of 
Zr*®. 

(9 ) 

The  method  of  assigning  the  r,  values  was  suggested  by  Frelling. 

r  ,85 

The  values  of  rs8,85  was  first  assigned  arbitrarily,  choosing  a  value 
known  to  be  representative  of  those  actually  observed  in  fallout. 
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The  r,  were  then  computed  from  the  equations; 
t  ,as 

,  .1  -  b 

^.96  “ 

Where  b  = 

The  value  of  F  ,  the  fraction  of  refractory  atoms  In  a  masa-chain  at  the 
R 

time  of  soil  condensation,  was  computed  by  the  build-up  and  decay  program. 
The  time  of  condensation  depended  on  the  explosive  yield  of  the  burst  and 
was  calculated  from  Miller scaling  equation.  The  condensing  soil 
was  assumed  to  be  a  silicate  malting  at  1400‘C .  Estimations  were  made 
for  both  a  large  burst  and  a  small  burst  for  fission-spectrum  neutron 
fission  of  both  U*®*  and  Pu*®*.  For  thermonuclear  fission  of  U***,  the 
predictions  were  made  for  a  large  burst.  For  all  these  conditions,  a 
prediction  was  made  for  local  (depleted)  fallout  having  rg0^a5  equal  to 
0.1  and  for  long-range  (enriched)  fallout  with  ras^ss  equal  to  2.0. 

RESULTS  AND  DISCUSSION 

PREDICTIONS  FOR  UNFRACTIONATED  CASES 

The  results  of  the  calculations  for  the  thermal-neutron  fission  of 

U236  were  compared  with  earlier  predictions.  The  gross  activity  decay 

curve  from  the  present  calculation  shows  only  slight  differences  from 

that  of  Bolles  and  Ballou. The  exposure  rates  at  3  ft  above  an 

infinite,  uniformly  contalminated  plane  are  generally  about  10^  lower 

(2) 

than  those  calculated  by  Miller,  but  this  appears  to  be  due  to  a 
difference  in  the  curve  used  for  converting  photon  energies  in  Hev  to 
exposure  rates  at  3  ft  above  an  infinite  plane.  The  gamma  spectra  for 
thermal  neutron  fission  of  U®®®  are  in  reasonably  good  agreement  with 

ft  (3) 

the  prediction  of  B jornerstedt ,  but  show  more  significant  differences 

(4) 

from  the  spectra  of  Nelms  and  Cooper.  It  appears  that  the  many  changes 
in  the  input  data  which  entered  into  the  new  calculation  did  not  have 
Important  effects  on  the  gross  predictions.  Presumably,  the  effects  of 
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the  individual  changes  wore  random  in  direction  and  magnitude  and  tended 
to  cancel  out . 

As  was  known  from  the  earlier  predictions  and  from  experimental 
measurements,  the  gross  decay  of  fission  products  can  be  roughly  expressed 
as: 


log  A  =  log  A^  -  n  log  t 

where  A  Is  either  activity  or  exposure  rate  at  time  t,  A^  Is  the  same 
quantity  at  unit  time  and  n  Is  a  constant  close  to  1.2.  Figures  1  and  2 
show  the  calculated  activity  and  exposure-rate  decay  curves  from  unfrac- 
tlonated  fission  products  of  the  thermonuclear  fission  of  The  slope 

of  the  log-log  decay  plots  does  not  have  a  constant  value  of  -1.2,  of 
course,  but  varies  continuously  in  the  neighborhood  of  this  value,  at 
least  for  times  up  to  about  1  yr  after  fission.  During  this  time  inter¬ 
val,  a  slope  calculated  on  the  basis  of  two  points  from  the  curve  chosen 
at  random  will  generally  have  a  value  between  -1.0  and  -1.4.  The  n  = 

-1.2  approximation  should  be  used  with  discretion  in  calculations  which 
are  sensitive  to  fluctuations  of  this  magnitude  and  should  probably  not 
be  used  at  all  for  times  longer  than  about  1  year.  The  decay  curves  for 
the  seven  different  fission  cases  all  appeared  to  obey  the  n  s  -1,2  rule 
equally  well. 

The  variation  in  calculated  exposure  rates  for  the  different  fission 
cases  Is  indicated  in  Table  1,  which  lists  values  of  the  unfractionated 
fission-product  normalization  factors  based  on  the  calculations  for  1, 

10  and  100  hours  after  fission. 

In  general,  the  rates  were  highest  for  thermal-neutron  fission  of 
U*®®  and  lowest  for  the  fission-spectrum  neutron  fission  of  Pu*®*  for 
the  first  several  hours  after  fission,  but  crossovers  occurred  at  later 
times . 
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Table  1 


Values  of  the  Theoretical  Unfractlonated 
Normalization  Factor  at  Three  Times  after  Fission 


Fission  Case 

R/hr  per  kt/mi® 

1  hr 

10  hr 

100  hr 

U®®*,  thermal  neutrons 

3270 

163 

8.7 

U®®®,  fission-spectrum  neutrons 

3110 

168 

8.7 

U®®®,  14-Mev  neutrons 

151 

8-3 

U®®®,  fission-spectrum  neutrons 

146 

8.1 

U®®®,  fission-spectrum  neutrons 

3130 

163 

8.3 

U®®®,  thermonuclear  fission 

160 

8.1 

Pu®®®,  fission-spectrum  neutrons 

■■1 

149 

00 

Figures  3  and  4  show  the  most  important  contributions  from  indivi¬ 
dual  radionuclides  to  the  total  activity  and  exposure  rate  from  unfrac¬ 
tlonated  fission  products  of  the  thermonuclear  fission  of  U*®®.  Examina¬ 
tion  of  similar  plots  for  the  other  fission  cases  revealed  numerous  dif¬ 
ferences  in  the  relative  Importance  of  the  individual  radioactivities-' 
These  differences  result,  of  course,  from  differences  in  chain  and  in¬ 
dependent  yields-  Nonetheless,  the  two  or  three  leading  contributors  are 
usually  the  same  for  all  fission  cases.  The  exposure  rate,  in  particular, 
is  strongly  dominated  by  a  very  few  nuclides.  The  dominance  shifts  from 
one  nuclide  to  another  as  the  fission  products  decay.  Except  for  brief 

intervals  at  early  times,  one  nuclide  alone  always  accounts  for  20^^  or 

I 

more  of  the  exposure  rate.  For  the  first  several  days  after  fission,  the 
iodine  isotopes — through  — are  extremely  important  in  determining 

the  expotmi'e  rates  from  unfractlonated  fission  products.  Other  nuclides 
which  are  invariably  leading  contributors  (at  later  times)  are  La‘*°, 
Zr®®-Nb®*,  and  The  iodine  isotopes,  La^*®  and  Ba*®™  all  frac¬ 

tionate  from  Zr®®-Nb®®  in  nuclear  debris.  At  late  times  there  is  consi¬ 
derable  va-iatlon  in  the  contributions  of  Ru^°®-Rh^®®  and  Sb‘®®  to  the; 
activity  and  exposure  rates  for  the  different  fission  cases.'  This  is 
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due  to  the  feat  that  the  yields  ior  those  mass  chains  are  quite  sensi¬ 
tive  to  kind  of  fissionable  material  and  to  the  energies  of  the  neutrons. 

The  gamma  spectra  for  the  different  fission  cases  also  showed  dif¬ 
ferences)  but  these  were  mainly  differences  In  Intensity  rather  than  in 
sepctral  shape.  It  would  be  possible,  of  course,  to  predict  spectra 
showing  more  striking  differences  by  increasing  the  resolution  (decreasing 
the  width  of  the  energy  Increments  in  the  calculations).  However,  the 
0.1  Mev  resolution  chosen  Is  convenient  and  adequate  for  many  calculatlonal 
applications.  The  spectra  for  all  the  fission  cases  show  a  rather  pro¬ 
nounced  decrease  with  time  In  the  number  of  high-energy  photons,  relative 
to  the  number  of  low-energy  photons. 

PREDICTIONS  FOR  FRACTIONATED  CASES 

As  might  be  expected,  the  predictions  for  the  fractionated  cases 
are  sensitive  to  the  choice  of  fractionation  parameters  for  the  iodine 
mass  chains  (131  through  135) ,  since  these  iodine  isotopes  dominate 
the  gamma-radiation  properties  of  unfractionated  fission  products  for 
several  days  after  fission.  In  the  prediction  for  long-range  fallout 
(r,,  es  =  2.0),  which  is  enriched  in  fractionating  mass  chains,  the  in¬ 
fluence  of  these  nuclides  is  even  more  pronounced.  Rather  surprisingly, 
they  lose  little  of  their  prominence  in  the  local  fallout  (rgg^gs  ®  0.1), 
which  is  depleted  (in  surface  bursts)  in  the  fractionating  mass  chains. 

The  activity  and  exposure-rate  decay  curves  for  fractionated  fallout 
(as  predicted  by  this  method)  are  not  strikingly  different  in  shape  from 
those  predicted  for  unfractionated  fallout,  at  least  for  times  up  to  100 
to  200  days  after  fission.  Figure  5  shows  the  comparison  for  thermonuclear 
fission  of  The  curves  for  the  enriched  fallout,  in  fact,  are  almost 

parallel  to  those  for  the  unf rt.ctionated  fallout.  Those  for  depleted 
fallout  show  somewh.it  more  fluctuation  around  a  nominal  overall  slope  of 
-1.2.  The  intensity  of  the  radiation  is,  of  course,  rather  strongly 
affected  by  fractionation  For  example,  in  Che  case  of  fission-spectrum 
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neutron  fission  of  U*’*  (1.7  kt  burst),  the  exposure  rate  for  enriched 
fallout  Is  rather  uniformly  about  140^  that  for  unfractionated  fallout 
for  the  first  20  days  after  fission;  while  that  fur  depleted  fallout  Is 
about  40‘^  of  the  exposure  rate  for  unfract Iona ted  fallout.  These  figures 
can  be  compared  with  field  observations  of  the  exposure  rates  of  enriched 
fallout  from  the  Danny  Boy  event  and  depleted  fallout  from  the  Smallboy 
event.  If  an  allowance  of  SO^  Is  made  for  reduction  of  exposure  rates 
measured  in  the  field  by  ground  roughness  and  Instrument  self-shielding, 
the  Danny  Boy  exposure  rates  were  about  170^  of  the  unfractionated  value 
and  those  at  Smallboy  were  about  3S‘/>  of  the  unfractionated  value. 

The  gamma-emlsslon  spectra  for  the  fractionated  cases,  like  the 
decay-rate  curves,  show  strong  differences  In  Intensity  from  those 

for  the  unfractionated  cases  but  not  much  characteristic  difference 
In  shape,  at  least  for  the  first  100  to  200  days. 

During  the  period  between  approximately  150  and  250  days  after 
fission  the  differences  between  fractionated  and  unfractionated  fallout 
are  least  conspicuous,  since  at  this  time  the  radiation  properties  of 
fission-product  mixtures  are  dominated  by  the  reference  pair  Zr***  -Nb*^. 

If  attention  is  restricted  to  the  radiation  properties  of  this  pair, 
there  will  be  no  apparent  difference  between  an  unfractionated  fallout 
sample  containing  10^  fissions  and  a  fractionated  fallout  sample  con¬ 
taining  10*  equivalent  fissions  of  Zr®®.  From  one  year  after  fission 
onward,  the  radiation  characteristics  of  the  highly  fractionated  pair 
Cs*®’  -Ba^®'^’'‘  become  increasingly  important,  and  the  radiation  properties 
of  unfractionated  fallout  and  the  depleted  case  of  fractionated  fallout 
diverge  rapidly. 

In  connection  with  the  gamma-exposure  decay  curves  some  explanation 

Is  in  order,  since  calculations  based  on  the  spectral  predictions  of  Nelms 
(4) 

and  Cooper  indicated  an  appreciably  faster  decay  rate  for  fractionated 
fallout,  relative  to  the  unfractionated  case.  The  reason  for  this  seems 
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to  be  that  the  Nelms  and  Cooper  scheme  dropped  the  iodine  Isotopes  cmn- 
pletely,  along  with  bromine  and  the  rare  gases.  The  present  NRDL  predic¬ 
tion  regards  these  nuclides  as  being  fractionated  to  an  intermediate  extent; 
l.e,,  the  mixture  is  depleted  (in  the  local  fallout  case)  in  these  nuclides 
relative  to  Zr**,  but  they  are  not  completely  absent;  in  fact,  they  are  not 
so  extensively  depleted  as  Sr  and  Cs.  This  viewpoint  seems  more  in  line 
with  field  evidence,  so  far  as  iodine  isotopes  are  concerned,  although  the 
exact  degree  of  depletion  remains  uncertain.  On  the  other  hand,  the  NRDL 
fractionation  scheme  retains  some  rare  gases  and  bromine  daughter  isotopes 
in  the  fractionated  mixture.  It  would  probably  be  more  realistic  to  drop 
these  entirely,  as  did  the  Nelms  and  Cooper  scheme,  and  the  computer 
program  is  being  modified  to  do  this.  However,  the  effect  on  the  predictions 
of  gamma  radiation  properties  will  bo  minor,  since  the  bromine  and  rare  gas 
isotopes  contribute  far  loss  strongly  than  the  Iodine  Isotopes. 
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Fig.  1.  Decay  of  Activity  of  Fission  Products  of  the  Fission  of  by  Tberaonuclear  Neutrons 


GAMMA  RAY  FIELDS  ABOVE  ROUGH  CONTAMINATED  SURFACES 


R.  R.  Soule 

U.8.  NAVAL  RADIOLOGICAL  DEFENSE  UBORATORY 
San  Francisco,  California 


ABSTRACT 

The  object  of  thla  experiment  la  to  determine  the  gamma 
radiation  fields  above  uniformly  contaminated  surfaces  of 
Infinite  extent  and  varying  roughness. 

Radioactive  contaminant  <Au^*'  suspended  In  glass  micro- 
beads)  was  distributed  evenly  over  a  circular  area  10  ft  In 
diameter  In  the  center  of  various  test  surfaces.  Ionization 
chambers  were  employed  to  measure  the  radiation  field  at 
various  distances  out  to  128  meters  horizontally  and  16  meters 
vertically  from  the  center  of  the  area.  These  data  were  then 
operated  upon  to  obtain  the  radiation  fields  to  be  expected 
from  surfaces  of  Infinite  extent.  Comparisons  of  the  results 
from  a  given  surface  with  those  obtained  from  an  Ideally 
smooth  (glass)  plane  provide  a  measure  of  surface  roughness. 
Surfaces  tested  Included  sand,  gravel  and  grass. 

The  theory  and  assumptions  used  In  Integrating  the  data 
from  the  finite  discs  to  determine  the  fields  for  Infinite 
planes  are  presented-  Preliminary  examination  of  the  data 
from  the  experimental  work  Indicates  the  following  results: 


Surface  Roughness  Factors  for  Test  Surfaces 
at  a  Height  of  1  Meter  Above  the  Surfaces 


Surface 

Infinite  Plane  Dose  Rate 
(r/hr)/(c  Au^®®/ft®) 

Surface  Roughness 
Factor 

Plate  Glass 

77.0 

1.00 

Grass  (wet) 

61.0 

0.70 

Coarse  Sand 

SO. 3 

0.65 

Fine  Gravel 

47.7 

0.62 

Pea  Gravel 

42.9 

0.56 

Medliim  Gravel 

44.3 

0.58 

Measurements  were  also  made  with  a-  point  source  of 
Au^"®.  Buildup  factors  derived  from  these  measurements  are 
presented. 
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Recent  experimentation  has  been  performed  at  the  Camp  Parks  Facility 
of  the  Naval  Radiological  Defense  Laboratory  to  determine  the  effect  of 
surface  roughness  upon  gamma  ray  fields.  The  objective  of  this  experi¬ 
mentation  Is  to  determine  the  gamma  radiation  fields  above  uniformly  con¬ 
taminated  surfaces  of  Infinite  extent  and  varying  roughness. 

In  this  experimentation radioactive  contaminant  Is  spread  over  a 
circular  area  10  feet  In  diameter  In  the  renter  of  various  test  surfaces. 
Measurements  of  the  radiation  field  are  taken  at  predetemlned  distances 
horizontally  and  vertically  from  the  center  of  the  area.  These  data  are 
then  operated  upon  to  obtain  the  radiation  fields  to  be  expected  from 
surfaces  of  Infinite  extent.  Comparison  of  the  results  from  a  given 
surface  with  those  obtained  from  an  Ideally  smooth  (glass)  plane  provide 
a  measure  of  surface  roughness. 

In  order  to  fully  expose  the  assumptions  and  limitations  Inherent 
in  the  extrapolation  from  a  finite  disc  to  an  Infinite  field,  the  scheme 
used  Is  developed  below. 

A  disc  of  finite  size  may  be  used  to  approximate  a  uniformly  con¬ 
taminated  plane.  The  disc  Is  large  (dla.  10  ft)  in  relation  to  the 
Irregularities  which  characterize  the  roughest  surfaces  used,  but  Is 
small  enough  to  facilitate  the  handling  and  control  of  the  radioactive 
contaminant.  The  radiation  field  (Rq)  measured  above  the  center  of  the 
contaminated  disc  Is  the  first  term  In  a  series  approximation  to  the 
field  (R)  above  an  Infinite  plane.  The  second  term  In  the  series  Is 
obtained  by  taking  the  radiation  contribution  (R^)  from  an  annulus  (1 
disc  diameter  In  width)  adjoining  the  disc.  Successive  terms  are  com¬ 
posed  of  the  radiation  contributions  (R, ,  R, ,  ...R  )  from  additional 
adjoining  annuli.  The  approximation  of  the  radiation  field  due  to  a 
contaminated  Infinite  plane  becomes  better  as  the  number  of  annuli 
Increase . 
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If  tha  radiation  contribution  (r  }  from  a  sector  of  an  annulus  la 

n 

known,  tha  contribution  (R  )  from  the  entire  annulus  can  be  found  by 

n 

multiplying  the  sector  contribution  by  b^,  where  b^  la  defined  as  the 
ratio  of  the  area  of  the  annulua  to  the  area  of  the  sector. 


b  r  , 
n  n 


area  of  annulua  n 
area  of  sector 


for  n  >  1 


If  the  sector  of  an  annulua  1  disc  diameter  wide  la  chosen  to  have 

the  same  area  as  a  disc  of  the  chosen  diameter,  the  coefficients  b  are 

n 

simply  multiples  of  8,  and  the  approximation  can  be  expressed  as 

R  M  Rg  .f  8ri  +  16ra  +  24rj  +  .  ,  .  +  8nr^  (2) 

The  radiation  contribution  (c  )  from  a  disc  of  the  chosen  diameter,  con-' 

n 

talned  within  the  annulua,  can  be  used  to  approximate  the  radiation  con¬ 
tribution  (r_)  from  the  sector  of  the  annulus.  Differences  In  the  actual 
n 

contributions  of  the  disc  and  the  sector  can  be  adjusted  by  the  use  of  a 
correction  factor  k„,  where  k.  Is  defined  to  be  the  ratio  of  the  radl- 
atlon  contribution  of  a  sector  to  the  radiation  contribution  of  a  disc. 


k  c  , 
n  n 


radiation  contribution  from  sector 
radiation  contribution  from  disc 


and  then 


R  a  6nr  n  8nk  c  (n  ^  1) 
n  n  n  n 


(3) 


The  values  of  the  correction  factors  k  were  determined  by  calcu- 

n 

latlng  the  radiation  contributions  from  elemental  areas  of  both  the  diso 

and  the  sector,  summing  for  each,  and  finding  the  ratio  of  the  sums  lor 

a  smooth  plane.  The  circle  was  divided  into  areas  a^i,  Sg,  Bg,  ...  a^, 

snd  the  sector  into  areas  St,  sg,  Sg,  . . .  s  ,  at  mean  horizontal  dis- 

m 

tances  di,  dg,  dg,  ...  d^  from  the  detector  (See  Fig.  1).  If  the 
response  of  a  detector  at  u  height  h  is  1  unit/unit  area  at  unit  dis¬ 
tance,  the  response  due  to  the  circle  will  be 
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-ud ' 

where  B  Is  the  buildup  fsctor,  e  ^  is  due  to  air  attenuation,  and 

Is  the  geometrical  factor.  The  slant  range  d'  b  (h'*+d“)‘'^“ .  The 
response  due  to  the  sector  will  be 


-Mdi 


BsC 


s  -pd' 

-r%  Be" 
h*+d»  m 
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(d) 


The  correction  factor  for  the  disc  approximation  of  the  sector  con¬ 
tribution  to  the  radiation  fluid  will  be 
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I  ^ 


k  s 
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h«+d» 

1»1  1 

m  a.  -fid' 
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!■! 

The  dimensions  of  the  disc  and  the  sector  are  such  that  changes  In 
the  air  attenuation  and  buildup  factors  are  small  for  changes  of  leas 
than  1  disc  diameter  In  the  horizontal  distance  to  the  detector.  Thus, 
buildup  and  air  attenuation  can  be  assumed  constant  for  each  deter¬ 
mination,  and  k  becomes 
n 


^  h*+d* 

1-1  1 


C7) 


1 

h*+d! 


1°1 


The  expression  ^  h*+dj  cannot  be  easily  evaluated  analytically 
1-1 


BO  it  was  evaluated  numerically.  However  the  expression 
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r  ff/4n 

/*“  r  »’  dO  dr 

•pproachea  J  J  ■  |  as  the  width  of  the  elemental  areas 

"l  0 

approaches  sero.  Analytical  evaluation  of  the  latter  expression  gave 
results  which  agreed  to  within  0.01^  with  the  numerical  evaluation 


1-1 

The  values  of  k  were  determined  for  the  case  of  a  detector  located 
n 

at  a  height  of  1  meter  and  for  disc  diameter  and  annuli  widths  of  10  ft 

(See  Figure  1).  The  value  of  ki.  for  the  first  annulus,  was  found  to  be 

0.049,  k«  was  found  to  be  0.989,  and  the  values  of  k  for  n>2  were  taken 

n 

to  be  unity. 

The  final  form  of  the  approximation  of  the  infinite  plane  radiation 
field  then  becomes 

R  e  Uo  +  8<0.949)ci  +  I6<0.989)cg  +  a4ca  +  320*  +  ...  +  8nc^  (8) 

whore  Rq  is  the  measured  radiation  contribution  above  the  center  of  a 

10  ft  diameter  contaminated  disc,  and  c  is  the  radiation  contribution 

n 

measured  at  a  horizontal  distance  of  lOn  ft  from  the  center  of  the  disc 
(all  measurements  made  at  a  height  of  1  meter) . 

The  basic  experiment  consists  of  measuring  the  total  gamma  radiation 

field  at  selected  heights  and  distances  from  contaminated  discs  of 

materials  of  varying  degrees  of  roughness.  Gamma  measurements  are  made 
using  ionization  chambers.  Data  from  these  measurements  are  extrapolated 
(integrated)  to  predict  the  dose  rate  for  infinite  plane  sources. 

The  test  surfaces  used  during  this  series  of  experiments  were; 

1.  Plate  glass  -  a  smooth  surface. 

2.  Coarse  sand  (1190  -  2000  /x  particle  size)  (3/64  -  f/64  inches) 

3.  Fine  gravel  (2302  -  5613  p  particle  size)  (3/32  -  7/32  Inches) 
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4.  PeR  gravel  (S680  -  9423  n  particle  slae)  (1/4  -  3/8  inches) 

3.  MoUlum  size  gravel  (13,330  -  13,383  ^  particle  size) 

(1/2  -  3/8  inches) 

6.  Oraas  (lawn  type) 

The  isotope  used  for  this  series  was  Au***,  a  ganuna  emitter  with  an 
energy  of  0.411  Mov.  The  isotope,  enclosed  in  a  microbead  carrier,  was 
uniformly  dispersod  at  a  mass  loading  of  approximately  12  grams/sq.  ft 
over  a  10  ft  diameter  disc  in  the  center  of  the  test  surfaces. 

The  basic  gumma  measurements  were  taken  with  ionization  chambers  at 
combinations  of  horizontal  distances  from  0  to  128  meters  and  vertical 
distances  from  1  to  16  meters  from  the  center  of  the  test  surface. 

The  data  from  the  tests  where  the  Isotope  was  dispersed  uniformly 
over  the  "ideally  smooth  surface"  (plate  glass)  was  taken  as  the  basis 
for  comparison  with  the  other  surfaces  of  varying  roughness.  Thus  the 
surface  roughness  factor  depends  on  the  determination  of  a  smooth  sur¬ 
face  Infinite  plane  exposure  as  well  as  on  a  rough  surface  infinite  plane 
exposure. 

If  certain  factors,  such  as  the  build-up  factors,  are  known,  the 
smooth  surface  exposure  can  bo  calculated  to  provide  a  check  on  the 
experimentally  obtained  smooth  surface  expoeuro  values.  Since  the 
experiment  was  concerned  with  the  region  close  to  the  ground-air  inter¬ 
face,  it  was  not  reasonable  to  use  the  infinite  medium  build-up  factors 
available.  For  this  reason,  a  supplemental  test  was  conducted  in  which 
a  series  of  measurements  wore  made  using  a  gold  wire  as  a  point  source 
for  the  purpose  of  determining  the  build-up  factor  for  Au'*"  under  the 
conditions  of  the  experiment. 

The  gold  wire  was  3  cm  long  by  0.093  cm  in  diameter.  All  radiation 
measurements  were  made  in  a  direction  normal  to  the  axis  of  the  wire. 

The  diameter  and  cross  section  of  the  wire  were  chosen  to  minimize  self¬ 
absorption  and  eliminate  angular  dependence  of  gamma  rays  omitted 
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perpendicular  to  the  axia  of  the  wire.  The  length  of  the  wire  waa 
aelected  no  that  It  waa  long  enough  to  provide  the  required  aource 
atrength  and  yet  abort  enough  ao  that  no  appreciable  error  waa  Intro¬ 
duced  In  conalderlng  the  wire  aa  a  point  aource  at  the  minimum  moanuro- 
ment  dlatance  of  one  meter. 

The  wire  waa  Irradiated  to  produce  an  Initial  activity  of  about 
100  ourlea.  The  wire  waa  then  placed  upon  the  glaas  plate  in  the 
center  of  the  teat  pad  and  radiation  field  meaaurements  were  made  at 
dlatancea  from  1  meter  to  las  metera  from  loe  aource  at  heighta  of  1, 

4,  8,  and  16  iiietera  above  the  plane  of  the  glaaa  plate. 

The  build-up  faotora  aa  a  function  of  poaltlon  of  the  detector  were 

"/•*o 

Q  ^ 

determined  from  the  expresalon  1=1  -  B 

o  j.a 

whore  I  Is  the  Intensity  In  r/hr  at  the  detector  position,  1^^  is  tho 
Intensity  at  unit  distance  from  tho  source  In  an  Infinite  medium  of  ^ 
air,  la  the  total  attenuation  coefficient  and  B  Is  tho  build-up 
factor. 

Experimentation  waa  conducted  on  a  test  surface  located  at  thu 
Interaectlon  of  two  atreeta  which  are  paved  with  asphaltic  concrete. 

There  are  no  buildings  In  the  area.  A  level  concrete  pad,  30  ft  square, 
waa  constructed  at  the  Intersection  of  the  streets.  The  central  IS  ft 
square  section  waa  further  leveled  by  grinding  the  surface  flat  to  within 
^  1/8  inch,  and  the  teat  surfaces  weru  centered  In  this  area.  For  the 
smooth  surface,  alx  sections  of  1/4  inch  thick  plate  glass  were  arranged 
horlBontally  on  a  1/4  Inch  thick  sponge  rubber  pad  and  levelod  to  pro- 
v4'‘e  a  smooth  level  tost  surface  11  ft  square. 

For  the  rough  surfaces,  a  sheet  of  5  mil  thick  pJ.astlc  was  placed 
on  the  plate  glaso  surface  and  the  loose  material  was  spread  on  It. 
(Figure  2.)  A  single  layer  technique  was  used  In  spreading  tho  sand  and 
gravel  tost  surfaces.  No  binder  was  used,  and  the  intent  was  to  spread 
a  single  layer  of  the  sand  or  gravel  and  then  add  additional  material 


until  no  visible  holes  remained  In  the  layer.  This  resulted  In  a  layer 
of  the  material  only  allghtly  thicker  than  the  maximum  slae  of  the 
material. 

Because  the  test  area  la  In  the  opent  a  plastic  dome  waa  constructed 
to  cover  the  test  surface  and  prevent  the  wind  from  moving  the  contami¬ 
nant  .  The  dome  la  approximately  14  ft  square  by  3  ft  high,  and  the 
3  mil  thick  Mylar  sheeting  la  supported  by  an  aluminum  framework  that 
provides  a  clear  span  across  the  entire  width.  Since  the  dome  la  kept 
In  place  over  the  test  surface  at  all  times,  one  end  of  the  dome  la 
hinged  to  allow  for  the  entrance  and  removal  of  che  contaminant  and  the 
contaminant  dlaperaal  equipment . 

Thu  source  of  radiation  for  all  the  tests  was  the  Isotope  Au‘**, 

The  radioactive  Isotope  waa  enclosed  In  a  mlcrobead  carrier  for  the 
testa  In  which  It  was  dispersed  uniformly  over  the  various  test  surfaces, 
end  was  a  single  piece  of  metallic  gold  for  the  point  source  tests.  The 
beads  were  taken  to  the  test  area  In  a  shielded  container  from  which 
they  were  delivered  Into  a  disperser  (figure  3). 

The  disperser  that  distributes  the  microbeads  onto  the  test  surface 
Is  a  hopper  mounted  on  a  small  portable  motorised  bridge  crane.  As  the 
hopper  moved  from  one  aide  of  the  area  to  the  other,  an  auger  bit  In  the 
bottom  of  the  hopper  provided  a  continuous  flow  of  the  microbeads  at  a 
constant  dispersal  rate  through  four  outlets.  Four  baffles  below  the 
outlets  spread  the  mlorobeada  to  give  an  even  distribution  on  the  test 
surface. 

The  size  of  the  contaminated  area  was  controlled  by  a  mask  that 
rested  on  the  framework  of  the  dlapersor  assembly  below  the  level  of 
the  hopper  and  baffles.  Klght  aluminum  pans  were  fitted  together  to 
form  the  mask  to  control  the  size  and  shape  of  the  contaminated  area 
(Figure  4) .  The  mask  had  outside  dimensions  of  an  11  ft  10  Inch  square 
ond  had  a  10  ft  diameter  circular  cut-out  in  the  center.  As  the 
hopper  moved  from  one  side  of  the  dlaporser  to  the  other,  the 
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contan'.insnt  fell  on  the  test  stirfnce  Innlde  the  circle  while  the  mask 
caught  the  excess.  Complete  coverage  Inside  the  circle  was  obtained  by 
first  dispersing  along  one  side  of  the  mask  and  Indexing  the  hopper 
over  one  hopper  width  after  each  pass.  After  the  dispersal  of  the 
contaminant,  the  disperser,  Including  the  hopper  and  mask  containing 
the  excess  contaminant,  was  removed  from  under  the  plastic  dome,  and 
the  hinged  end  of  the  dome  was  closed  for  th'  duration  of  the  test. 

The  excess  contaminant  was  removed  from  the  test  area  and  measurements 
were  started  using  Vlctoreen  ionization  chambers  mounted  on  a  light 
portable  mast  (Figure  5). 

Preliminary  results  are  available  from  the  experimental  work. 

Figure  6  shows  the  build  up  factors  derived  from  data  measured  with 
the  point  source  of  Au**®.  It  is  interesting  to  note  that  the  16  meter 
height  factors  are  below  those  for  heights  of  4  and  8  meters . 

Figures  7  and  8  present  data  for  the  pea  gravel  surface  and  grass 
surface  typical  of  those  obtained  during  the  experiments.  This  type  of 
data  was  used  in  conjunction  with  equation  8  to  obtain  the  infinite 
plane  exposure  rates  at  1  meter  above  the  surface .  Comparison  of  the 
various  surfaces  with  the  glass  surface  gave  measures  of  surface 
roughnesses.  The  infinite  plane  exposure  rates  and  the  roughness  factors 
are  given  in  Table  1. 

A  small  amount  of  additional  experimental  work  will  be  done  to 
obtain  an  indication  of  the  effect  of  gamma  ray  energy  upon  surface 
roughness  factors.  Lutetium-177  with  a  gamma  energy  of  about  .200  mev 
will  be  employed  on  two  or  three  surfaces  for  this  purpose.  Point 
source  measurements  will  also  be  made  with  the  Lu‘”. 
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GAMMA  RAY  FIELUS  ABOVE  ROUGH  CONTAMINATED  SURFACES 
R.  R.  Suule 

U-S.  NAVAL  RADIOLOGICAL  DEFENSE  LABORATORY 
San  Franctsco,  California 


ABSTRACT 

The  object  of  this  experiment  is  to  determine  the  gamma 
radiation  fields  obove  uniformly  contaminated  surfaces  of 
Infinite  extent  and  varying  roughness. 

Radioactive  contaminant  (Au^*®  suspended  in  glass  micro¬ 
beads)  was  distributed  evenly  over  a  circular  area  10  ft  in 
diameter  in  the  center  of  various  tost  surfaces.  Ionization 
chambers  were  employed  to  measure  the  radiation  field  at 
various  distances  out  to  128  meters  horizontally  and  16  meters 
vertically  from  the  center  of  the  area.  These  data  wore  then 
operated  upon  to  obtain  the  radiation  fields  to  be  expected 
from  surfaces  of  Infinite  extent.  Comparisons  of  the  results 
from  a  given  surface  with  those  obtained  from  an  idoally 
smooth  (glass)  plane  provide  a  measure  of  surface  roughness. 
Surfaces  tested  included  sand,  gravel  and  gruss. 

The  theory  and  assumption.^  used  in  Integrating  the  data 
from  the  finite  discs  to  determine  the  fields  for  infinite 
planes  are  presented,  Preliminary  examination  of  the  data 
from  the  experimental  work  indicates  the  following  results: 


Surface  Roughness  Factors  for  Tost  Surfaces 
at  a  Height  of  1  Meter  Above  the  Surfaces 


Surface 

— 

Infinite  Plane  Dose  Rate 
(r/hr)/(c  Au‘*®/ft*) 

— 

Surface  Roughness 
Factor 

Plate  Glass 

77.0 

1.00 

Grass  (wot) 

61.0 

0.79 

Coarse  Sand 

50.3 

0.65 

Fine  Gravel 

47.7 

0.62 

Pea  Gravel 

42.9 

0.56 

Medium  Gravel 

44.5 

0.58 

Measurements  were  a  loo  made  with  a.  point  source  of 
Au*®®.  Buildup  fp.ctors  derived  from  those  measurements  are 
presented. 


Roccnt  cxpcr Imontnt Ion  lian  boeii  pcrlnrmod  nt  tlio  i:niiip  Parks  Jaclllty 
ol  the  Naval  Radiological  Uclcnso  Liiboralory  to  determine  tlu’  cllect  n! 
surlaco  roughness  upon  gumma  ray  Helds.  Tlio  objective  ol  this  experi¬ 
mentation  Iri  to  dctci-mlnc  the  ganunu  radiation  Holds  t'ovo  uniioi-mly  con¬ 
taminated  surlaccs  ol  infinite  extent  and  varying  roughness. 

In  tM.s  experimentation  radioactive  contaminant  Is  spread  over  n 
circular  area  10  feet  In  diameter  in  the  tenter  ol  vorious  test  siirfuccs. 
Measurements  ol  the  radiation  Held  are  taken  at  prodc tormlnud  distances 
horizontally  and  vertically  li'om  the  center  ol  the  area.  Thc.se  dnto  arc 
then  operated  upon  to  obtain  tlio  nullntlon  Holds  to  be  expected  from 
surfaces  of  Infinite  extent.  Comparison  ol  the  rc.Mults  from  a  given 
surface  with  those  obtained  from  an  Idoallv  smooth  (glass)  plane  provide 
a  measure  ol  surlaco  rouglinos.s  • 

In  order  to  fully  expose  tlio  ussuiupt lotus  uiul  limitations  inhoronl 
In  the  extrapolation  from  a  Unite  disc  to  an  Infinite  lleltl,  the  scliomc 
used  Is  developed  below. 

A  disc  of  finite  size  may  be  ursed  to  approximate  a  uniformly  con¬ 
taminated  platic.  The  disc  Is  large  (dla  •  10  ft)  In  relation  to  the 
irregatlarltles  which  characlorizo  the  roughest  surfaces  u.sed,  but  is 
small  enough  to  facilitate  the  handling  and  control  of  the  radioactive 
contaminant.  The  radiation  field  (ho)  measured  above  the  center  of  tho 
contaminated  disc  Is  the  first  term  in  a  series  approximation  to  the 
field  (R)  above  an  Infinite  plane.  Tho  second  toimi  in  the  series  is 
obtained  by  taking  tho  radiation  contribution  (Rj)  from  an  annulus  (1 
disc  diameter  in  width)  adjoining  tho  disc.  Successive  terms  arc  com¬ 
posed  of  the  radiation  contributions  (R^ .  R3 ■  from  additional 

adjoining  annuli.  The  approximation  ol  the  radiation  Held  due  to  a 
contaminated  inilnito  plane  becomes  bettor  as  tho  number  of  nnmili 
increaao . 

R  ~  Ro  +  Ri  t  Ra  I  . • •  R  (1) 

n 


319 


If  the  radiation  contribution  (<■  )  from  a  sector  of  an  annulus  is 

n 

known,  tho  contribution  (R^^)  from  the  entire  annuluc  car,  be  found  by 
multiplying  the  sector  contribution  by  b^,  where  b^^  Is  defined  as  the 
ratio  of  the  area  of  the  annulus  to  the  area  of  the  sector. 


n 


b  r  ,  b  B 
n  n  n 


area  of  annulus  n 
area  of  sector 


for  n  2  1 


If  thu  sector  of  an  annulus  1  disc  diameter  wide  is  chosen  to  have 

the  same  area  as  a  disc  of  the  chosen  diameter,  the  coefficients  b  are 

n 

simply  multiples  of  8,  and  the  approximation  can  be  expressed  as 

R  «  Rq  +  8ri  +  16r2  +  24r3  +  . . .  +  8nr^  (2) 

The  radiation  contribution  (c^)  from  a  disc  of  the  chosen  diameter,  con¬ 
tained  within  the  annulus,  can  be  used  to  approximate  the  radiation  con¬ 
tribution  (r  )  from  the  sector  of  the  annulus.  Differences  in  the  actual 
n 

contributions  of  the  disc  and  the  sector  can  be  adjusted  by  the  use  of  a 

correction  factor  k  ,  where  k  is  defined  to  be  the  ratio  of  the  radl- 
n  n 

atlon  contributlo.n  of  a  sector  to  the  radiation  contribution  of  a  disc. 


r 

n 


k  c  ,  k 
n  n  n 


and  then 


radiation  contribution  from  sector 
radiation  contribution  from  disc 

R  =  8nr  a  8nk  c  (n  2:  1) 

n  n  n  n 


(3) 


The  values  of  the  correetti  a  factors  k  were  determined  by  calcu- 
latlng  the  radiation  contributions  from  elemental  ureas  of  both  the  disc 
and  the  sector,  summing  for  each,  and  finding  the  ratio  of  the  sums  for 
a  smooth  plane.  The  circle  was  divided  into  areas  aj,  a^,  ag,  ...  a^, 
and  the  sector  into  areas  Sj,  sj,  83,  ...  s^,  at  mean  horizontal  dis¬ 
tances  di,  d2,  ds,  . . .  d^  from  the  detector  (See  Fig.  1).  If  the 
response  of  a  detector  at  a  height  h  is  1  unit/unit  area  at  unit  dis¬ 
tance,  tlie  response  due  to  the  circle  will  be 


c 

n 


‘1 


-Mdi 


h*+d 


■JT  i>ie 


h^^+d 


a  “f^dj 

5-  BjG  + 


a 

m 


h^+d^ 

m 


n 


n\ 


(4) 
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whorfi  n  1r  the  buildup  factor,  e  ^  1»  due  to  air  attenuation,  and 

is  the  geometrical  factor.  The  slant  range  d'  =  th*+d*)‘'^*.  The 
response  due  to  the  sector  will  be 


-Mdl  s 


3  -Md  j 

ITT  ®3e 


s  -^d 

m  m 

+  •  .  .  +  .8  .a  B  e 
h*+d*  m 
m 


The  correction  factor  for  the  disc  approximation  of  the  sector  con¬ 
tribution  to  the  radiation  field  will  be 


^  s  ^ 

n  m  a. 

2  5^=*' 


The  dimensions  of  the  disc  and  the  sector  are  such  that  changes  in 

the  air  attenuation  and  buildup  factors  are  small  for  changes  of  less 

than  1  disc  diameter  In  the  horizontal  distance  to  the  detector.  Thus, 

buildup  and  air  attenuation  can  be  assumed  constant  for  each  k  deter- 

n 

mination,  and  k  becomes 
n 


I 

M  u2  .. 


i-i  ^ 

k  =  - - - 

n  m 


V  _  i 


The  expression 


j  ^ 


cannot  be  easily  evaluated  analytically 


so  It  was  evaluated  numerically.  However  the  expression 


ni  Q , 

V  1 

1 


I 


r  jr/4n 

r  rclt^dr 

approavhefl  J  J  - g  as  thu  width  of  the  elemental  areas 

Ti  0 

approachea  aero.  Analytical  evaluation  of  the  latter  expression  gave 
results  which  agreed  to  trlthin  0-01^  with  the  numerical  evaluation 


Si 

h>+dj 


The  values  of  k  were  determined  for  the  case  of  a  detector  located 
n 

at  a  height  of  1  meter  and  for  disc  diameter  and  annuli  widths  of  10  ft 

(See  Figure  1).  The  value  of  >  for  the  first  annulus,  was  found  to  be 

0.949,  k2  was  found  to  be  0.989,  and  the  values  of  k  for  n>2  were  taken 

n 

to  be  unity. 


The  final  form  of  the  approximation  of  the  infinite  plane  radiation 
field  then  becomes 

R  =  Bo  +  8(0.949)ci  +  16(0-989)c2  +  24c3  +  320^  +  ...  +  8nc^  (8) 

where  Ro  is  the  measured  radiation  contribution  above  the  center  of  a 

10  ft  diameter  contaminated  disc,  and  c  Is  the  radiation  contribution 

n 

measured  at  a  horizontal  distance  of  lOn  ft  from  the  center  of  the  disc 
(all  measurements  made  at  a  height  of  1  meter). 


The  basic  experiment  consists  of  measuring  the  total  gamma  radiation 
field  at  selected  heights  and  distances  from  contaminated  discs  of 
materials  of  varying  degrees  of  roughness.  Gamma  measurements  are  made 
using  ioni.zation  chambers.  Data  from  these  measurements  are  extrapolated 
(integrated)  to  predict  the  dose  rate  for  Infinite  plane  sources. 


The  test  surfaces  used  during  this  series  of  experiments  were: 

1.  Plate  glass  -  a  smooth  surface. 

2.  Coarse  sand  (1190  -  2000  particle  size)  (3/64  -  5/64  inches) 

3.  Fine  gravel  (2362  -  5613  particle  size)  (3/32  -  7/32  inches) 
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4.  fca  Kravul  vGGGO  -  0<23  ^  particle  cizc)  (1/^  -  3/8  Inches) 

5.  Medium  size  gravel  (13,330  -  15,585  jx  particle  size) 

(1/2  -  5/8  inches) 

6.  Grass  (lawn  type) 

The  Isotope  used  for  this  series  was  a  gamma  eml  ter  with  an 

energy  of  0.411  Mcv.  The  isotope,  enclosed  in  a  microbead  c  rrier,  was 
uniformly  dispersed  at  a  mass  loading  of  approximately  12  grams/sq.  ft 
over  a  10  ft  diameter  disc  in  the  center  of  the  test  surfaces. 

The  basic  gamma  measurements  were  taken  with  ionization  chambers  at 
combinations  of  horizontal  distances  from  0  to  128  meters  and  vertical 
distances  from  1  to  16  meters  from  the  center  of  the  test  surface. 

The  data  from  the  tests  where  the  Isotope  was  dispersed  uniformly 
over  the  "ideally  smooth  surface"  (plate  glass)  was  taken  as  the  basis 
for  comparison  with  the  other  surfaces  of  varying  roughness.  Thus  the 
surface  roughness  factor  depends  on  the  determination  of  a  smooth  sur¬ 
face  infinite  plane  exposure  as  well  as  on  a  rough  surface  infinite  plane 
exposure • 

If  certain  factors,  such  as  the  build-up  factors,  are  known,  the 
smooth  surface  exposure  can  be  calculated  to  provide  a  check  on  the 
experimentally  obtained  smooth  surface  exposure  values.  Since  the 
experiment  was  concerned  with  the  region  close  to  the  ground-air  inter¬ 
face,  it  was  not  reasonable  to  use  the  Infinite  medium  build-up  factors 
available.  For  this  reason,  a  supplemental  test  was  conducted  in  which 
a  series  of  measurements  were  made  using  a  gold  wire  as  a  point  source 
for  the  purpose  of  determining  the  build-up  factor  for  Au^®®  under  the 
conditions  of  the  experiment. 

The  gold  wire  was  5  cm  long  by  0.095  cm  in  diameter.  All  radiation 
measurements  were  made  In  a  direction  normal  to  the  axis  of  the  wire. 

The  diameter  and  cross  section  of  the  wire  were  chosen  to  minimize  self¬ 
absorption  and  eliminate  angular  dependence  of  gamma  rays  emitted 
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perpendicular  to  the  axis  of  the  wire-  The  length  of  the  wire  was 
selected  so  that  it  was  long  enough  to  provide  the  required  source 
strength  and  yet  short  enough  so  that  no  appreciable  error  was  intro¬ 
duced  in  considering  the  wire  as  a  point  source  at  the  minimum  measure¬ 
ment  distance  of  one  meter. 

The  wire  was  irradiated  to  produce  an  initial  activity  of  about 
100  curies.  The  wire  was  then  placed  upon  the  glass  plate  in  the 
center  of  the  test  pad  and  radiation  field  measurements  were  made  at 
distances  from  1  meter  to  128  meters  from  the  source  at  heights  of  1, 

4,  8,  and  16  meters  above  the  plane  of  the  glass  plate. 

The  build-up  factors  as  a  function  of  position  of  the  detector  were 

r 

determined  from  the  expression  1  =  1^  — - -  B 

where  I  is  the  Intensity  in  r/hr  at  the  detector  position,  Is  the 
intensity  at  unit  distance  from  the  source  in  an  infinite  medium  of 
air,  is  the  total  attenuation  coefficient  and  B  is  the  build-up 
factor . 

Experimentation  was  conducted  on  a  test  surface  located  at  the 
intersection  of  two  streets  which  are  paved  with  asphaltic  concrete. 

There  are  no  buildings  in  the  area.  A  level  concrete  pad,  30  ft  square, 
was  constructed  at  the  intersection  of  the  streets.  The  central  15  ft 
square  section  was  further  leveled  by  grinding  the  surface  flat  to  within 
*  1/8  inch,  and  the  test  surfaces  were  centered  in  this  area.  For  the 
smooth  surface,  six  sections  of  1/4  inch  thick  plate  glass  were  arranged 
horizontally  on  a  1/4  inch  thick  sponge  rubber  pad  and  leveled  to  pro¬ 
vide  a  smooth  level  test  surface  11  ft  square. 

For  the  rough  surfaces,  a  sheet  of  5  mil  thick  plastic  was  placed 
on  the  plate  glass  surface  and  the  loose  material  was  spread  on  it. 
(Figure  2 .  )  A  single  layer  technique  was  used  in  spreading  the  sand  and 
gravel  test  surfaces.  No  binder  was  used,  and  the  Intent  was  to  spread 
a  single  layer  of  the  sand  or  gravel  and  then  add  additional  material 
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until  no  visible  holes  remained  In  the  layer.  This  resulted  In  a  layer 
of  the  material  only  slightly  thicker  than  the  maximum  size  of  the 
material . 

Because  the  test  area  Is  In  the  open,  a  plastic  dome  was  onstructed 
to  cover  the  test  surface  and  prevent  the  wind  from  moving  the  contami¬ 
nant  .  The  dome  is  approximately  14  ft  square  by  3  ft  high,  and  the 
3  mil  thick  Mylar  sheeting  Is  supported  by  an  aluminum  framework  that 
provides  a  cloar  span  across  the  entire  width.  Since  the  dome  is  kept 
in  place  over  the  test  surface  at  all  times,  one  end  of  the  dome  is 
hinged  to  allow  for  the  entrance  and  removal  of  the  contaminant  and  the 
contaminant  dispersal  equipment . 

The  source  of  radiation  for  all  the  tests  was  the  isotope  Au^**. 

The  radioactive  isotope  was  enclosed  In  a  microbead  carrier  for  the 
tests  in  which  it  was  dispersed  uniformly  over  the  various  test  surfaces, 
and  was  a  single  piece  of  metallic  gold  for  the  point  source  tests.  The 
beads  were  taken  to  the  test  area  in  a  shielded  container  from  which 
they  were  delivered  Into  a  disperser  CFigure  3). 

The  disperser  that  distributes  the  microbeads  onto  the  test  surface 
is  a  hopper  mounted  on  a  small  portable  motorized  bridge  crane.  As  the 
hopper  moved  from  one  side  of  the  area  to  the  other,  an  auger  bit  in  the 
bottom  of  the  hopper  provided  a  continuous  flow  of  the  microbeads  at  a 
constant  dispersal  rate  through  four  outlets.  Four  baffles  below  the 
outlets  spread  the  microbeads  to  give  an  even  distribution  on  the  test 
surface. 

The  size  of  the  contaminated  area  was  controlled  by  a  mask  that 
rested  on  the  framework  "  the  disperser  assembly  below  the  level  of 
the  hopper  and  baffles  Ight  aluminum  pans  were  fitted  together  to 

form  the  mask  to  control  the  size  and  shape  of  the  contaminated  area 
(Figure  4).  The  mask  had  outside  dimensions  of  an  11  ft  10  Inch  square 
and  had  a  10  ft  diameter  circular  cut-out  in  the  center.  As  the 
hopper  moved  from  one  side  of  the  disperser  to  the  other,  the 
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contaminant  fell  on  the  tost  surface  Inside  the  circle  while  the  mask 
caught  the  excess.  Complete  coverage  inside  the  circle  was  obtained  by 
first  dispersing  along  one  side  of  the  mask  and  Indexing  the  hopper 
over  one  hopper  width  after  each  paas*  After  the  dispersal  of  the 
contaminant,  the  disperser,  Including  the  hopper  and  mask  containing 
the  excess  contaminant,  was  removed  from  under  the  plastic  dome,  and 
the  hinged  end  of  the  dome  was  closed  for  the  duration  of  the  test. 

The  excess  contaminant  was  removed  from  the  test  area  and  measurements 
were  started  using  Vlctoreen  Ionization  chambers  mounted  on  a  light 
portable  mast  (Figure  S). 

Preliminary  results  are  available  from  the  experimental  work. 

Figure  6  shows  the  build  up  factors  derived  from  data  measured  with 
the  point  source  of  Au*®*.  it  Is  interesting  to  note  that  the  16  meter 
height  factors  are  below  those  for  heights  of  4  and  8  meters. 

Figures  7  and  8  present  data  for  the  pea  gravel  surface  and  grass 
surface  typical  of  those  obtained  during  the  experiments.  This  typo  of 
data  was  used  in  conjunction  with  equation  8  to  obtain  the  infinite 
plane  exposure  rates  at  1  motor  above  the  surface-  Comparison  of  the 
various  surfaces  with  the  glass  surface  gave  measures  of  surface 
roughnesses..  The  infinite  plane  exposure  rates  and  the  roughness  factors 
are  given  in  Table  1. 

A  small  amount  of  additional  experimental  work  will  be  done  to 
obtain  an  Indication  of  the  effect  of  gamma  ray  energy  upon  surface 
roughness  factors.  Lutctlum-177  with  a  gamma  energy  of  about  .200  mev 
will  be  employed  on  two  or  three  surfaces  for  this  purpose.  Point 
source  measurements  will  also  bo  made  with  the  Lu*’^^. 


326 


able  1 


Surface  Roughness  Factors  far  Tost  Surfaces  at  a  Height 
of  1  Meter  Above  the  Surfaces 


Surface 

Infinite  Plane  Exposure  Rate 
(r/hr)/c  Au***/ft* 

Surface  Roughness 
Factor 

Plate  Glass 

77.0 

1.00 

Grass 

61.0 

0.79 

Coarse  Sand 

50.3 

0.65 

Fine  Gravel 

47.7 

0.62 

Pea  Gravel 

42.9 

0.56 

Medium  Gravel 

44.5 

0.58 
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ANNULUS  1  ANNULUS  2 


1.  Disc  and  Sector  Used  In  Determining  the 
Radiation  Contribution  From  a  Sector  of 
a  Contaminated  Annulus 


Medium  G 


Fig.  3.  Shielded  Container  and  Con 
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DISINTEGRATION  RATE  MULTIPLIERS 
IN  BETA  EMITTER  DOSE  CALCULATIONS* 
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ABSTRACT 

The  possible  biological  doses  from  external  beta  emitters 
will  be  discussed  and  compared  with  those  from  external  gamma 
emitters.  A  detailed  analysis  has  been  made  of  the  dose  dis¬ 
tribution  in  tissue  to  be  expected  from  individual  beta-emitting 
radionuclides  in  contact  dose  or  beta  bath  plane  geometries. 

In  the  former  case,  a  thin  plane  source  is  sandwiched  between 
two  semi-infinite  media,  the  absorber  and  the  back-scatterer . 

For  the  latter  case,  a  third  medium,  an  attenuator  of  finite 
thickness,  is  introduced  between  the  backscatterer  and  absorber, 
with  the  source  between  the  backscatterer  and  attenuator. 

Point  isotropic  dissipation  functions  duo  to  Spencer  were  inte¬ 
grated  over  the  plane  and  corrected  for  backscatter  using  his 
plane  perpendicular  functions. These  functions  are  given 
for  monoenergetlc  electrons;  hence  another  integration  was 
performed  over  the  beta  energy  spectrum  for  each  radionuclide. 
Spectra  for  nearly  400  beta-omitting  radionuclides  have  been 
taken  from  calculations  of  Hogan,  /.igmon,  and  Mnckln.^^^  Dis¬ 
integration  rate  multipliers,  which  convert  contamination 
levels  in  dls/sec/cm^  to  dose  rates  in  rad/soc,  have  boon 
calculated  for  these  radioisotopes  for  several  depths  in  tissue 
and  widths  of  air  gap.  Simplified  mo  els  based  on  the  beta 
end-point  energy  will  also  be  discussed  and  comparisnijs  will 
be  made  with  the  simplified  results  and  with  a  simplified 
gamma  model.  The  conclusion  to  be  offered  is  that  beta  radi¬ 
ation  can  be  a  serious  hazard  in  comparison  with  gamma  radi¬ 
ation  if  there  are  unprotected  radiosensitive  tissues  at 
shallow  depths  in  the  exposed  organism. 


^Research  supported  by  the  Office  of  Civil  Defense. 
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INTRODUCTION 


Tho  ultimato  UaiiKcr  from  the  radioactivity  of  fission  products  and 
other  radionuclides,  whether  the  source  Is  fallout  from  nuclear  weapons 
or  is  produced  by  some  other  method,  is  the  release  of  ionlzlnB  energy 
In  living  tissue.  This  damage  to  cellular  matter  can  range  from  the 
death  of  a  few  colls,  as  occurs  every  day  as  a  result  of  natural  radi¬ 
ation,  to  the  massive  disruption  of  tissue  throughout  the  entire  organ¬ 
ism  leading  to  Immediate  death,  as  occurs  under  exposure  to  enormous 
fluxes  of  gamma  radiation. 

From  experience  with  X-rays  used  in  medical  diagnosis  and  treatment 
and  from  direct  exporimciu  with  laboratory  animals  and  plants,  the  ef¬ 
fects  of  externally  applied  X  and  gamma  radiation  are  relatively  well- 
known,  This  aspect  of  nuclear  hazards  has  also  received  a  good  deal  of 
study  both  theoretically  and  experiment  ally  ns  a  result  oi  the  throat  of 
nuclear  war, 

A  second  danger  from  raditmuclides  Is  introducoci  by  internal  sources, 
deposited  through  ingestion,  inhalation,  injection,  or  absorption.  This 
danger  has  been  recognized,  but  presents  certain  difficulties  of  evalu¬ 
ation  mainly  because  of  tho  lack  of  adequate  experimental  information. 
However,  considerable  progress  has  boon  made  in  this  area  by  theoretical 
extrapolations  from  available  data.  The  internal  dose  models  usually 

treat  all  ionizing  radiation  and  in  particular  include  both  beta  and 
(2,3) 

gamma  radiation. 

The  final  category  of  possibly  hazardous  radiation  is  external  beta 
radiation.  This  has  had  the  least  systematic  investigation.  Besides 
the  difficulty  in  interpreting  tho  rather  scanty  experimental  data,  there 
has  boon  a  tendency  to  consider  this  source  of  radiation  exposure  as 
being  negligible  in  comparison  with  the  other  sources.  The  latter 


obsorvntlon  is,  in  fact,  Justified  for  a  number  of  ordinary  conditions 
for  the  following  reasons.  Beta  rays  are  much  loss  penetrating  than 
gamma  rays.  For  instance,  the  flux  of  beta  particles  (energetic  elec¬ 
trons,  most  often  of  negative  charge  but  sometimes  positive)  will  be 
reduced  to  1/10  of  its  surface  value  after  a  penetration  of  perhaps  one 
centimeter  of  tissue  even  for  the  most  energetic  particles.  On  the 
other  hand,  gamma  rays  of  ordinary  energies  are  hardly  attenuated  by  a 
foot  of  tissue,  so  that  the  interior  of  a  man's  body  receives  practi¬ 
cally  the  same  dose  as  docs  his  skin.  For  beta  rays,  the  latter  state¬ 
ment  would  only  be  approximately  true  for  the  smallest  organisms.  Since 
In  a  gross  sense,  most  radionuclides  release  in  total  about  as  much 
gamma  as  beta  energy,  it  la  clear  that  beta  doses  (absorbed  energy  per 
unit  mass)  are  always  negligible  In  comparison  to  gamma  doses  in  the 
interior  of  a  large  animal  or  plant,  because  relatively  few  beta  parti¬ 
cles  will  penetrate  to  lose  tlielr  energy  there. 

Similarly,  it  Is  found  that  a  few  meters  of  air  will  considerably 
reduce  the  beta  flux,  and  of  course  denser  shielding  such  as  afforded 
by  buildings  or  even  by  a  few  millimeters  of  clothing  would  almost  as¬ 
sure  protection  against  the  beta  hazard  In  comparison  with  that  from 
gammas.  Because  of  the  air  attenuation  and  the  thickness  of  hair,  skin, 
bark,  or  the  like,  most  large  animals  and  plants  such  as  trees  would 
probably  also  satisfy  the  above  conditions. 

On  the  other  hand,  it  is  not  impossible  to  describe  situations  in 

which  the  Injury  from  external  beta  radiation  can  be  serious  or  even 

(1  4) 

limiting.  For  instance,  in  the  case  of  the  Marshallese,  '  the  oc¬ 
currence  of  beta  burns  seemed  to  be  much  more  prevalent  than  the  ap¬ 
pearance  of  a  whole  body  radiation  syndrome.  This  can  be  e.cplalned  by 
the  following  paragraph  when  coupled  with  the  facts  that  the  Marshallese 
were  essentially  naked  and  did  not  attempt  to  wash  away  the  fallout. 

Since,  as  was  implied  earlier,  a  typical  fission  product  mixture 
releases  roughly  the  same  total  energy  in  the  form  of  beta  particles  as 
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In  gamna  photoni,  and  since  less  energy  penetrates  to  great  depths  in 

tissue  for  betas,  It  follows  that  much  more  energy  is  absorbed  by  the 

tissues  at  relatively  shallow  depths.  Hence,  relatively  high  beta  doses 

can  be  delivered  to  a  thin  layer  of  tissue  In  close  proximity  to  the 

source.  And  thus  the  observation  that  directly  contaminated  skin  can 

experience  beta  burns.  From  the  samo  argument  It  is  possible  to  de-* 

scribe  several  other  situations  in  which  comparatively  high  beta  doses 

might  obtain.  Noturally,  any  other  cases  in  which  sensitive  tissue  was 

directly  contaminated  would  be  included.  Any  animal  with  an  unprotected 

akin  would  fall  in  this  category,  as  would  plants  with  thin  horizontal 

loaves  that  could  retain  substantial  amounts  of  fallout,  where  cells 

below  the  loaf  surface  are  the  radiosensitive  tissue.  If  the  area 

surrounding  a  junction  of  leaf  and  stem  were  sensitive,  as  it  might  be 

in  younger  plants,  it  might  be  at  risk  from  fallout  caught  in  the  cusps. 

If  the  hazard  was  from  contamination  on  the  ground  surface,  unprotected 

small  animals  and  plants  might  bo  severely  burned.  In  the  case  of  very 

small  organisms,  such  as  certain  of  the  insects  and  other  lower  orders, 

even  a  whole  body  beta  dose  might  bo  a  problem,  In  that  at  very  small 

(5) 

depths  the  beta  dose  can  be  perhaps  forty  times  the  gamma  doses. 

The  purpose  of  the  research  reported  here  is  to  provide  a  compu¬ 
tational  basis  for  estimating  the  prevalence  of  such  beta  dose  effects. 
Although  it  is  not  the  intention  to  assess  the  biological  effects  of  a 
given  absorbed  dose,  it  is  hoped  that  the  calculations  will  make  it 
possible  to  compute  the  absorbed  dose  for  a  variety  of  exposure  geom¬ 
etries  corresponding  to  the  possible  configurations  of  sensitive  tissue.* 


*Although  it  was  beyond  the  scope  of  this  research  to  Investigate  the 
radiosensitivity  of  tissues,,  in  general  the  tissues  which  produce  new 
growth  are  the  radiosensitive  ones  in  x.e  sense  that  their  loss  is  most 
significant  to  the  organism.  In  plants,  these  are  known  as  meristematic 
tissues . 
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ANALYSIS 


It  will  be  aasumed  In  thlu  section  that  the  basic  theory  of  the 
emission  and  absorption  of  beta  particles  Is  known.  One  calculation  of 
fast  electron  energy  dissipation  has  been  performed  by  L.  V.  Spencer 

f  n  \ 

using  a  moments  method  in  the  continuous  slo  /ing-down  approximation, 

The  results  of  that  computation  are  the  basis  of  the  analysis  presented 
In  this  section.  The  analysis  is  val  d  for  forbidden  as  well  as  allowed 
spectral  shapes,  and  automatically  adds  the  contributions  for  a  single 
nuclide  that  emits  betas  with  several  different  end-point  energies.  The 
detailed  analysis  can  be  compared  to  two  simplified  empirical  analyses 
which  result  In  dose  distributions  that  vary  as  an  exponential  or  ex¬ 
ponential  integral  of  the  depth  in  the  medium. 

The  basic  radiation  source  geometry  assumed  for  all  computations  is 
that  of  a  thin  plane  source  of  uniform  contamination.  In  calculating 
the  contact  dose,  the  source  is  sandwiched  between  two  semi-infinite 
media,  in  which  medium  one  is  considered  an  absorber  in  which  the  dose 
Is  to  be  calculated,  and  medium  two  serves  as  a  backscatterer  (Figur;-  la). 
In  calculating  beta  bath  dose,  a  third  medium,  an  attenuator,  Is  inserted 
as  a  thick  plane  slab  between  the  source  plane  and  the  absorber.  In  this 
case,  the  attenuator  is  designated  medium  two  and  the  backscatterer 
becomes  medium  three  (Figure  lb) . 

(6) 

Spencer  has  calculated  energy  dissipation  functions  in  infinite 
media  for  two  source  geometries,  the  point  Isotropic  source  and  the 
plane  perpendicular  source.  These  functions,  which  are  here  designated 
as  Jj  and  Jp,  respectively,  give  the  energy  dissipated  by  the  electrons 
In  spherical  shells  or  plane  layers,  each  of  unit  thickness,  and  norm¬ 
alized  by  the  stopping  pov;er  or  initial  energy  loss  rate.  They  are 
given  In  terms  of  the  absorbing  medium,  priiiiarily  represented  by  Its 
density  p,  the  energy  E  of  the  monoenergetlc  beta  group,  and  the 
distance  of  penetration  into  the  medium,  normalized  by  the  range  of  the 
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bofo  Kroup  in  that  medium.  The  latter  parameter  Is  designated  by  x. 

He  also  Klves  values  for  tho  ranges  In  g/cm®,  and  the  stopping  powers, 

In  Mcvcm®/g,  Becauso  the  values  chosen  foj-  t)ie  botn  energy  groups 
wore  somewhat  coarse  for  the  present  purpose,  Spencer's  tabulations 
wore  interpolated  and  smoothed  graphically  before  using  as  Inputs, 

For  this  study,  tho  important  absorbing  medium  in  which  tho  doso  is 
to  bo  calculated  is  living  biological  animal  or  vegetable  tissue.  Since 
polystyrene  approximates  tissue  both  in  chemical  makeup  and  especially 
in  density,  it  was  chosen  from  Spencer^  as  medium  1.  Spencer  docs 
perform  calculations  specifically  for  air,  so  that  those  results  are 
directly  applicable  for  medium  2,  which  In  tho  contact  dose  is  the  back- 
soatteror  but  in  the  beta  both  is  the  attenuator.  In  tho  latter  geom¬ 
etry,  tho  backscatterer  (medium  3)  should  be  specified  as  soil.  Tho 
closest  Spencer  como.‘i  to  this  is  aluminum,  whlcli  approximates  compacted 
soil  fairly  well  in  mass  density  and  to  a  lesser  extent  In  electronic 
density,  as  measured  roughly  by  the  atomic  number,  Aluminum  is  also  a 
prominent  component  of  certain  soils,  and  hence  was  chosen  as  medium  3. 

Since  the  source  postulated  in  an  ensemble  of  point  Isotropic 
sources  uniformly  distributed  over  an  infinite  plane  with  density 
disintegrations  per  second  per  square  centimeter  of  nuclide  1,  the  re¬ 
sulting  energy  dissipation  functions  are  integrals  over  Spencer's  point 
isotropic  functions.  The  source  strength  of  an  element  of  area 
on  tho  plane  is  S  =  Bo(2^dR)  and  is  at  a  distance 

r  =  V(R*  +  7.*)  (1) 

from  the  point  at  which  the  dose  rate  is  to  be  calculated,  in  a  plane  a 
distance  z  from  the  source  plane.  The  rate  of  energy  dissipation  from 
this  source,  in  Muv/cm®'sec,  when  Spencer's  normalization  is  taken  into 
account  and  the  spherical  geometry  is  recognized,  Xr- 


Thorefuro  tliu  total  onerKy  dissipation  from  the  plane  is 


r.  r.  ^  tlE  /  °®T  /r.  R'lR 

lU.E.P)  =  -  -  J  Jj(E,x.P)  -;:3- 

•^o 


which  by  making  uso  of  (l)  can  bo  ruwritton  as 

1U,E,P)  =  I  ^  /“  JjCE.x.P)  . 


(3) 


('I) 


Equation  (4),  however,  applies  only  to  a  uniform  absurbiUK  modium. 
Therefore,  tlio  first  corrocti<jn  that  must  bo  made  is  for  the  backscat- 
tering  modium  on  the  opposite  side  of  the  source  plane  as  in  the  contact 
dose.  The  assumption  to  bo  made  hero  is  that  the  contribution  of  the 
bttckscattoror  to  the  dose  rate  is  Indopondont  of  the  absorbing  material. 
Thus  the  overall  dose  rate  in  the  absorbing  medium  must  bo  corrected  by 
subtracting  out  the  baokscattor  contribution  that  would  occur  it  the 
backseat tcring  medium  were  the  same  as  the  absorbing  modium  1,  and  then 
adding  instead  the  backseat  ter  contribution  from  the  actual  backscat- 
toring  modium  2.  A  reasonable  estimate  of  tills  backscattcring  contri¬ 
bution  at  various  depths  is  the  value  of  the  plane  perpendicular  dissi¬ 
pation  function  for  negative  arguments.  The  contribution  from  the 
absorbing  medium  itself  would  then  of  course  be  proportional  to  the 
plane  perpendicular  function  for  positive  arguments,  so  that  the  rate  of 
energy  dissipation  fur  the  contact  dose  is  approximated  by 


1  (z,E,p,)  =  Kz.E.Pj) 


1  + 


Jp(E,-x,P:,>  -  Jp(E,-x,Pi) 


In  this  expression  the  value  to  be  taken  for  x  is 


X  =  PiZ/r^(P,,E)  ,  (6) 

which  is  also  the  lower  limit  of  integral  (4)  when  dr/r  is  replaced  by 
dx/x.  The  range,  r^,  is  a  function  of  beta  energy  and  the  absorbing 
medium,  as  is  the  stopping  power  dE/dr  in  Equations  (2),  (3),  and  (4), 


Expression  (5)  gives  the  energy  dissipation  for  a  particular  energy 
E  of  a  monoenorgotl o  beta  group.  Actual  radionuclides  omit  a  spocirum 
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of  energies  with  one  or  more  end  point  energies,  the  highest  of  which  Is 

(7) 

here  designated  Hogan,  Zlgman,  and  Mackln  have  computed  beta 

spectra  using  the  Fermi  theory  for  all  beta  emitters  for  which  suffi¬ 
cient  Input  data  were  available.  If  the  fraction  of  disintegrations 
that  result  In  a  beta  of  energy  £  In  energy  Interval  d£  Ic.  (dM/dE)dE, 
then  with  appropriate  constants  the  beta  dose  rate  can  be  written 

where  c  »  1.6  x  10~'  Rad/ (Hev/g) .  The  disintegration  rate  multiplier  Is 
defined  as  the  doso  rate  per  unit  disintegration  rate,  or  alternatively 
as  the  dose  per  dlsintegraiiOn  and  is  thus 

F^(z)  =  ,  (8) 

where  for  convenience  the  subscript  C  has  been  dropped  on  the  left  and 
is  understood  to  be  part  of  the  geometrical  description  as  symbolically 
represented  by  the  parameter  z.  The  subscript  1,  on  the  other  hand, 
has  been  added  to  indicate  that  a  disintegration  rate  multiplier  can  be 
calculated  for  any  beta  emitter,  in  particular  the  1^^  one. 

With  one  additional  assumption  the  same  metncds  can  bo  used  to 
estimate  the  disintegration  rate  multipliers  for  the  beta  bath  geometry. 

This  assumption  is  that  the  effect  of  the  interface  between  the  attenu¬ 
ating  medium  and  the  absorbing  one  can  be  essentially  Ignored  by 
reducing  each  medium  to  equivalence  by  adjusting  the  path  length  in 
each  according  to  its  density.  If  the  width  of  the  attenuating  slab  Is 
u  and  the  depth  of  penetration  in  the  absorber  is  v,  then  z  =  u  +  v. 

11  one  recalls  that  in  this  case  the  absorber  is  still  medium  1  but  the 
attenuator  is  medium  2,  then  it  Is  possible  to  write  the  beta  bath  rate 
of  energy  dissipation 

P-  /  Pi  \ 

IbU.E,P,)=^  Ic^u+^v,E,P,j  (9) 

V 
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since  the  backseat terlng  medium  Is  now  medium  3,  Is  given  by 

,  (10) 


1  + 


Jp(E,-x,Pj)  -  Jp(E,-x,P,) 


^E,x,Pj) 


where  in  this  case  x  is  given  by 


Pa  /  Pt  \ 

“  ^  p7  7 


(11) 


The  function  I  is  the  same  as  in  Equation  (4),  with  the  appropriate 
value  of  the  arguments.  Finally,  the  disintegration  rate  multiplier 
is  obviously 


*  o  o  ^  * 

i 

•  I 

RESULTS  I 

The  integrals  In  Equations  (4),  (7),  and  (12)  are  not  over  functions  | 

expressible  In  closed  form,  and  hence  the  integration  must  be  done  num-  | 

erically.  The  computations  have  been  programmed  for  the  Stanford  | 

Research  Institute  Burroughs  B-5S00  computer.  The  U.S.  Naval  Radio-  { 

logical  Defense  Laboratory  made  available  a  copy  of  the  output  tape  of 
their  beta  energy  spectra,  which  gave  the  fractions  of  betas  per  dls 
integration  emitted  In  energy  increments  of  0.02  Mev.  These  fractions 
were  summed  to  provide  the  spectral  function  corresponding  to  the 
energy  increments  for  which  the  dissipation  functions  had  been  sdpu- 
latud.  The  numerical  integration  obviously  is  least  accurate  when  the 
beta  end  point  is  very  low  so  that  only  a  few  intervals  contribute  to 
the  sum  approximating  the  Integral.  However,  those  emitters  with  end 
point  energies  of  only  around  one  centh  of  a  Mev  are  certainly  of 
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little  Importance  In  a  normal  fission  product  mixture,  so  that  errors  oi 
this  sort  are  of  little  Importance. 

A  more  serious  difficulty  can  arise  if  the  depth  of  penetration  z 
is  small  in  comparison  with  the  range  of  the  betas  so  that  only  one  or 
two  of  the  increments  in  x,  of  0.025  each,  contribute  to  the  sum  approxi¬ 
mating  the  Integral  In  (4).  Hence  some  care  must  be  made  In  Interpret¬ 
ing  the  results  for  small  z  when  the  beta  energy  Is  relatively  high. 

The  choice  of  depth  in  tissue  or  v/ldth  of  air  gap  for  calculating 
the  disintegration  rate  multipliers  is  somewhat  arbitrary.  It  was  not 
within  the  scope  of  this  research  to  determine  the  depth  at  which 
sensitive  tissuo  occurs  in  various  species.  Un  the  basis  that  one 
sonsilivo  tissuo  (the  gorminative  layer  of  human  skin)  is  at  a  depth  of 
about  0.1  mm,  the  smallest  z  or  v  to  be  used  •should  at  least  be  smaller 
than  this  depth.  It  is  also  true  that  even  b^itas  of  the  higher  ener¬ 
gies  are  strongly  attenuated  by  one  cm  of  tissue;  therefore  the  values 
of  z  and  v  used  are  0.003,  0.01,  0.03,  0.1,  0.3,  and  1.0  cm.  Air  gaps 
smaller  than  a  few  millimeters  attenuate  only  r.he  softest  betas.  If 
smaller  gaps  are  indicated,  the  contact  dose  can  be  used  as  an  approxi¬ 
mation  or  the  results  for  larger  gaps  extrapolated.  At  the  other 
extreme,  very  few  biological  systems  likely  to  be  damagi  '  b;,  radi¬ 
ation  have  a  mean  height  greater  than  one  meter.  Hence  v  0,  3.0, 

10.0,  30.0,  and  100.0  cm  were  chosen  for  the  air  gap  u.  . a^^tyolations 
are  made  from  semilogarithmic  graphs  of  the  results.  Extj up.>latlons 
for  larger  air  gaps  or  depths  In  tissue  are  useful  if  the  restriction 
on  the  maximum  range  is  considered. 

The  results  for  all  the  beta  emitting  nuclides  on  the  USMRDL  tape 

are  too  lengthy  to  be  presented  here.  Investigators  who  wish  to  use 

(8) 

these  results  are  referred  to  a  more  complete  report.  A  sample  of 
these  results  is  given  in  Table  1  for  the  radionuclide  Ba  141.  Although 
its  decay  scheme  is  not  completely  verified,  it  serves  as  a  good  example 
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because  the  decay  schemes  In  current  use  show  an  energetic  beta  (2.833 

followed  by  an  energetic  gamma  (0.7  Mev) , with  no  other  tran- 

(7) 

sitlons.  The  transition  Is  allowed  with  an  average  energy  (1.158  Mev) 
comparable  with  the  gamma  energy.  It  Is  a  fission  product  of  reasonably 
high  yield,  although  Its  half-life  Is  only  18  minutes,  making  it  danger¬ 
ous  in  about  the  first  hour  or  so  after  production.  The  units  of  the 
disintegration  rate  multipliers  listed  in  Table  1  are  Rad/(dis/cm*) . 

Figure  2  shows  the  disintegration  rate  multiplier  as  a  function  of 
the  depth  In  tissue  for  two  of  the  cases  indicated  In  Table  1,  and  com¬ 
pares  them  with  beta  and  gamma  multipliers  as  calculated  by  the  simpli¬ 
fied  methods  mentioned  previously  and  described  in  Reference  8.  Curve 
1  is  from  the  contact  dose  results  of  Table  1,  whereas  curve  2  is  from 
the  beta  bath  results  for  an  air  gap  of  30  cm.  The  remaining  three 
curves  are  all  for  the  contact  dose  case.  Curves  3  and  4  have  been 
calculated  from  the  simplified  exponential  and  exponential  integral 
models,  respectively.  The  latter  contains  no  correction  for  backscat- 
tering.  The  values  of  1/3^ (where  M  is  the  linear  absorption  coef¬ 
ficient)  and  the  maximum  range  R  are  indicated  on  these  curves  to  indi- 

m 

cate  the  maximum  limits  of  validity  that  could  possibly  have  been 

expected  for  these  relations.  The  exponential  is  evidently  a  reasonable 

approximation  between  the  lower  limit  and  about  one  half  of  the  range  R  ■ 

m 

On  the  other  hand,  it  might  be  possible  to  fit  the  shape  of  the  computed 
curve  1  more  nicely  with  an  adjustment  in  one  or  more  of  the  parameters 
(such  as  M)  of  the  exponential  Integral. 

Curve  S  has  been  added  to  Indicate  roughly  the  gamma  dose  distri¬ 
bution  from  the  same  contamination  of  Ba  141.  It  has  been  calculated 
from  the  same  set  of  physical  and  geometrical  assumptions  that  went  Into 
the  beta  exponential  Integral  model.  It  contains  no  corrections  for 
backscattering  or  the  buildup  factor.  Nevertheless,  it  clearly  Indi¬ 
cates  that  beta  doses  are  much  higher  than  gamma  doses  close  to  the 
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Table  1 

Dialntagratlon  Rate  Multlpllera  for  Ba  141 


F(«,  ea) 

o.ooa 

0.010 

0.030 

0.100 

0.300 

1.000 

Contact  Dom 

•  t  OB 

r(o.o) 

o.aasxio-* 

6.585x10“* 

4.654x10-* 

3.550x10“* 

9.099x10“* 

3.075x10““  1 

Bath 

V.  OB 

r(o.a) 

0.378x10“* 

6.609x10“* 

4.637x10“* 

3.637x10“* 

9.314x10“* 

3.961x10-“ 

r(i.o) 

8.937x10“* 

6.535x10“* 

4.600x10“* 

3.806x10“* 

9.314x10“* 

3.961x10““ 

»(3.0) 

8.113x10“* 

6. 090x10“* 

4.538x10“* 

3.584x10“* 

8.831x10“* 

3.961x10““ 

r(io.o) 

*5.837x10“* 

5.300x10“* 

4.098x10“* 

3.408x10“* 

8.683x10“* 

3.981x10““ 

r(3o.o) 

4.378x10-* 

3.969x10“* 

3 .363x10“* 

3.113x10“* 

7 .730x10“* 

1.736x10-“ 

r  (100.0] 

3.333x10-* 

3.360x10“* 

3.033x10“* 

1.394x10“* 

5.183x10“* 

4.843x10-“ 

8 


surface  I  but  that  the  altuatlon  rapidly  revaraes  itaelf  aa  the  depth 
into  the  tissue  becomes  greater. 

Curves  1,  4,  and  9  all  have  a  difficulty  near  the  origin  because  of 
the  assumed  infinitely  thin  source.  Since  a  real  source  might  be  hun¬ 
dreds  of  microns  (or  tenths  of  millimeters)  thick,  the  curves  may  be 
inaccurate  for  depths  of  that  order  of  magnitude.  There  is  also  the 
problem  of  self -absorption  in  the  emitter,  which  would  reduce  the  entire 
disintegration  rate  multiplier  curve,  and  would  probably  also  change  its 
shape  somewhat  because  of  the  energy  dependence.  The  gamma  curve  would 
be  about  fifty  percent  higher  if  the  gamma  energy  had  been  identical 
with  the  average  beta  energy,  but  would  still  fall  below  any  of  the  beta 
curves  for  depths  of  several  millimeters. 

Although  the  comparison  for  other  beta-emitting  radionuclides  will 
not  be  specifically  presented  here,  the  conclusions  would  be  similar. 

If  the  beta  spectrum  is  composed  of  several  allowed  transitions,  the 
disintegration  rate  multiplier  curve  is  similar  to  the  curve  generated 
by  adding  the  corresponding  exponential  curves  in  the  proper  proportions. 
A  forbidden  transition  results  in  a  curve  that  varies  more  from  the 
exponential  form  than  the  one  shown  in  Figure  2,  but  is  still  of  the 
same  general  shape. 

One  feature  of  the  calculation  is  that  it  is  not  particularly  sen¬ 
sitive  to  the  maximum  beta  energy  or  the  shape  of  the  spectrum,  at  least 
for  near-surface  doses.  For  illustration,  the  disintegration  rate  multi¬ 
pliers  for  one  geometry  (contact  dose  at  depth  of  0.01  cm)  have  been 
tabulated  in  Table  2  for  a  selected  group  of  Important  fission  products. 
This  depth  was  chosen  because  it  approximates  the  depth  at  which  the 
germinatlve  layer  of  human  skin  is  found,  and  thus  would  give  some  idea 
of  the  hazard  from  fallout  deposited  directly  on  the  body.  Notice  that 
most  of  the  multipliers  are  within  ^50'^  of  5  x  10  *  Rad/(di8/cm’ )  and 
only  a  few  depart  by  an  order  of  magnitude.  The  uniformity  is  even  more 
striking  at  z  =  0.003  cm. 
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table  2 

Summary  of  Contact  Doae  Dlaintegration 
D  4'.  Miiitinllera  for  Selected  Radionuclides 

!*o”  S:“/(Sii/c^5  «p*'‘  “* 


Wuolt<t* 

Zn-ta 

o*-7a 

0*-t3 

0»-t4 

0.-78 

Qe-77 

O.-70 

A.-77 

Ai-78 

A»-79 

Se-Bl 

S.-S3A 

Br-83 

Br-84 

Br-85 

Kr-88 

Kr-8aA 

Kr-87 

Kr-88 

RB-88 

Rli-89 

HB-91A 

8r-89 

8r-90 

5r-91 

8r-9a 

Y-90 

Y-91 

Y-9a 

Y-93 

Y-94 

Fr-96 

rr-97 


Wuclld. 


1.974 
4,977 
6,277 
6.340 
8,243 
3.  870 
4,866 
4,112 
6,990 
6.199 
8,608 
6,971 
4.948 
6.393 
6.364 
4.440 
3,778 
6,846 
4.220 
7.108 

5,398 
6.798 
5,631 
4.043 
8.891 
3,818 
6.129 
8.667 
7,042 
6,638 
7,948 
2.68G 
8.872 


m»-98  < 

Kb-97 
(to -99 
1*0-101 
1*0-102 
To -90 
Tc-101 
Tc-lOa 
Tc-104 
Ru-103 
Ru-105 
Ru-106 
nu-107 
Ru-108 
Rh-lOS 
Rh-106 
Rh-107 
Pd-109 
Pd-lll 
Pd-112 
Ag-lll 
Ag-112 
Ag-ll8 
Cd-118 
Cd-llM 
Cd-117A 
Cd-118 
ln-118A 
In-117 
1B-117A 
Ib-118 
Ib-119 
In-130 


0.286 
8.419 
8.002 
4.081 
8,331 
1.680 
8.340 
7.544 
6.281 
0,796 
8,146 
O.OOO 
7,288 
5.410 

3.399 
7,000 
8.281 
8.027 
6.026 
1.447 
8,007 
6.920 
6.678 
4.664 
8.681 
4,968 
4,813 
1  0.253 
4,349 
L  4,583 
7,434 
8.703 
6,069 


Sucllde 

6n-121 

an-123 

8n-126 

Sb-128 

Sb-126 

8b-127 

8b-128 

8b-129 

Te-127 

Te-127A 

Te-129 

T*-131 

T4-131A 

T«-132 

Te-133 

Te-133A 

1-131 

1-132 

1-133 

1-134 

1-138 

Xb-133 

Xe-135 

Xo-137 

Xe-138 

C»-137 

Cs-138 

C«-139 

B»-139 

B*-140 

B»-141 

L»-140 

U-141 


2.449 
8,372 
6.029 
1.415 
8.868 
4.989 
6,661 
1.170 
4.139 
0.068 

5.399 
5.841 
2.570 
4.879 
6.222 
4.846 
3.874 
5.284 
5.187 
5.599 
4.441 
2.078 
4.733 
7.173 
6.216 
3.891 
6.454 
7.237 
6.124 
.  4.414 

6.888 
8.033 
6.208 


Xuclld« 

Ia-142 

L*-143 

Ce-l41 

C«-143 

C»-144 

Ce-145 

00-146 

Pr-a43 

Pr-144 

Pr-145 

Pr-148 

Xd-147 

Nd-149 

Nd-151 

Pm-147 

Pin-149 

Pm-150 

Pm-151 

Pi»-18a 

Pm-183 

Sm-lBl 

Sin-183 

Sin-1&5 

811-186 

EU-15& 

Eu-156 

Eu-187 

Eu-188 

Eo-189 

Od-1&0 

Od-161 

Tb-iel 


7. 814 
6,955 
3.070 
4.721 
1.508 
8.901 
4.154 
4.777 
6.670 
5.78  5 
6.758 
3.927 
4.689 
8.602 
0.850 
5,003 
6.897 
4,443 
6.031 
8.692 
0.000 
4.030 
8.594 
3.427 
0.328 
4.020 
8.004 

6.400 
6.025 
4.606 
5,636 
3.276 


I 


A  summation  over  radionuclide  abundances  was  carried  out  fur  two 
lists  representing  the  relative  abundances  of  nuclides  10*  (case  1}  and 
10*  (case  2}  seconds  after  U***  reactor  runs  of  20  and  600  seconds, 
respectively.  These  lists  included  only  fission  products,  of  course, 
but  might  fairly  represent  fallout  from  certain  types  of  weapons.  One 
can  also  compute  an  approximate  standard  intensity  (one  hour  gamma  air 
dose  rate  at  three  feet  above  the  emitting  plane)  from  these  1  4ts  by 
determining  the  number  of  fissions,  assuming  an  arbltri^try  area  of  con¬ 
tamination  (10®  cm®),  and  using  a  rule-of-thumb  conversion  factor  from 
fissions  per  unit  area  to  standard  Intensity.  Finally,  the  gamma  dose 
rates  at  the  times  specified  above  can  be  estimated  by  using  an  assumed 
correction  based  on  the  t”^‘®  decay  rule.  The  results  of  the  calcu¬ 
lation  are  shown  in  Table  3  for  the  three  foot  geometry  for  gammas  and 
the  contact  dose  geometry  for  betas,  and  a  beta  to  gamma  ratio  is  also 
given.  This  ratio  is  suggestive  of  the  comparative  doses  from  beta 
radiation  to  unprotected  contaminated  skin  and  from  whole  body  gamma 
radiation  for  a  human  being,  although  exact  equality  of  skin  and  ground 
surface  contamination  is  unlikely  and  no  statements  are  made  about  the 
relative  sensitivity  of  tissues. 

The  cumulative  absorbed  beta  dose  with  increasing  depth  in  tissue 
can  also  be  estimated  by  the  mechanical  Integration  of  a  curve  like  those 
in  Figure  2.  These  results  were  compared  with  another  calculation  ob¬ 
tained  by  Monte  Carlo  techniques  using  the  overall  fission  product  beta 
spectrum  of  energies.  The  agreement  is  acceptable  except  at  compara¬ 
tively  shallow  depths,  where  the  Monte  Carlo  representation  Is  probably 
more  accurate.* 


*Wllllam  H.  Ellett,  USNRDL,  private  communication. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


A  study  of  the  beta  and  gamma  disintegration  rate  multipliers  In 
Figure  2  leaves  no  other  possible  conclusion  but  that  beta  radiation 
can  be  a  hazard  In  comparison  with  gamma  radiation  If  there  are  unpro¬ 
tected  radiosensitive  tissues  at  shallow  depths  (of  the  order  of  milli¬ 
meters  or  less)  in  the  exposed  organism.  This  Is  true  whether  or  not 
an  air  gap  separates  the  organism  from  the  source <  unless  the  air  gap 
Is  very  large  or  the  beta  radiation  very  soft.  Research  Is  currently 
under  way  to  determine  If  Insects  and  other  low  animal  orders  satisfy 
the  above  criteria  for  significant  beta  hazards-*  It  Is  recommended 
that  additional  research  on  the  sensitivity  of  organisms  to  near¬ 
surface  doses  of  beta  radiation  be  carried  out  by  capable  Investigators. 

It  would  also  be  useful  to  study  further  the  effect  of  self¬ 
absorption  in  the  source  on  the  results  presented  in  this  paper.  In 
addition,  the  results  last  reported  could  easily  be  extended  to  any 
other  mixture  of  radionuclides  for  which  the  disintegration  rate  multi¬ 
pliers  have  been  calculated.  This  procedure,  moreover,  would  be  suit¬ 
able  for  including  the  effects  of  fractionation  as  a  function  of  time 
In  a  fission  product  and  Induced  activities  mixture. 
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Comparison  of  Dislnt^ration  Rate  Multipliers 


CHARACTERISTICS  OF  THE  OAMMA-RAY  ENVIRONMENT 
PRODUCED  BY  FAUOUT  FIELDS 

R.  L.  French 

Radiation  Reaearch  Asaociatea,  Inc. 

Fort  Worth,  Texas 


ABSTRACT 

The  gamina-ray  onvlronment  produced  near  the  alr>ground 
in'  n'faca  by  ground-depoalted  fallout  must  be  known  in 
iSldcrable  detail  for  the  evaluation  of  the  radiation 
protect lun  afforded  by  structures  and  for  other  purposes 
such  as  the  study  of  the  effects  of  fallout  on  biological 
systems  '^'«o  uharaoterlatlcs  of  critical  Importance  are  the 
onorgy  dlstrlb.'tlun  and  the  angular  distribution  of  the 
gamma  rays  because  the  fraction  of  the  exterior,  or  free- 
Hold,  dose  which  penetrates  to  the  Interior  of  a  structure 
la  highly  dependent  upon  them,  Similarly,  the  energy  and 
angular  distributions  Influence  the  fraction  of  the  free- 
fiuld  dose  which  may  penetrate  to  the  critical  organs  of  an 
exposed  person. 

A  number  of  moasuremants  and  calculations  of  the  energy 
and  angular  distributions  above  fallout  have  been  made  but 
all  of  the  results  have  significant  limitations.  In  the 
calculations,  the  problem  is  usually  highly  Idealized  by 
assumptions  such  as  an  Infinite  plane  source  on  a  smooth 
ground  surface.  Measurements,  on  the  other  hand,  suffer 
from  angular  resolution,  and  to  a  lesser  extent,  energy 
resolution  problems.  They  Include  the  effects  of  ground 
roughness  and  other  perturbations  peculiar  to  the  location 
of  the  measurement.  New  measurements  are,  of  course,  pre¬ 
cluded  by  the  Limited  Test  Ban  Treaty. 

Examination  and  comparison  of  various  calculated  and 
measured  energy  and  angular  distribution  data  show  reasonable 
consistency  and  Indicate  a  very  strong  peak  of  uncollided 
gamma  rays  from  Just  below  the  horizon  and  a  more  diffuse 
scattered  component  which  comprises  on  the  order  of  15  per¬ 
cent  of  the  total  dose.  Recent  applications  of  these  data 
to  shield  penetration  calculations,  however,  show  that 
relatively  minor  differences  in  the  energy  and  angular 
distributions  can  lead  to  large  differences  In  the  fraction 
of  the  dose  which  penetrates  to  the  interior. 
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1 .  INTRODUCTION 


During  the  past  decade  a  number  o£  experimental  and  theoretical 
inveetigationa  have  been  made  of  the  characteristics  of  the  gamma-ray 
environment  produced  by  fallout  deposited  on  the  ground  surface.  These 
investigations  have  been  concerned  with  such  quantities  as  the  specific 
dose  rate  and  the  gamma-ray  energy  and  angular  distribution  above  the 
fallout  field  and  with  the  effects  of  type  of  fallout,  fallout  age, 
ground  roughness,  and  size  o£  the  contaminated  area  upon  those  quantities. 
This  paper  describes  the  results  of  several  such  Investigations  by  the 
author  and  his  colleagues  at  Radiation  Research  Associates  and  relates 
them  to  seme  results  of  other  workers. 

Our  work  has  consisted  of  theoretical  investigations  In  the 
following  areas: 

(l)  The  determination  of  the  gamma-ray  energy  and  angular 
distribution  above  fallout. 

<2)  The  simulation  of  fallout  Holds  by  means  of  artificial 
sources , 

(3}  The  analysis  of  a  shielding  experiment  performed  in  a 
real  fallout  field. 

(4)  The  evaluation  of  several  approaches  for  incorporating 
ground  roughness  effects  in  calculations  of  the  fallout 
gamma- ray  environment. 

(5)  The  calculation  of  the  ganuna-ray  depth  dose  patterns  produced 
in  a  phantom  by  fallout  and  by  simulated  fallout. 

(6)  A  Monte  Carlo  study  of  barrier  attenuation  factors  for  use 
In  fallout  shielding  calculations. 

The  first  two  investigations  were  completed  approximately  two 
years  ago.  The  second  two  were  performed  during  the  last  year  and  the 
last  two  are  currently  in  work.  The  following  sections  summarize  the 
individual  investigations  and,  where  possible,  give  comparisons  with 
the  results  of  other  investigators. 
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II.  GAMMA-RAY  ENERGY  AND  ANGULAR  DISTRIBUTIONS* 


In  this  investigation, the  LOS  Monte  Carlo  Procedure^^^  was 

used  to  calculate  the  energy  and  angular  distribution  of  the  photon 

flux  3  feet  in  air  above  Infinite  plane  sources  of  monoenergetic 

gamma  rays  with  energies  of  0.10,  0.14,  0.25,  0.40,  0.67,  0.85,  1.25, 

1.7S,  2.50  and  3.50  MeV.  The  results  of  these  individual  calculations 

were  weighted  by  the  ^^°U  fission  product  decay  spectra  of  Nelms  and 
(3) 

Cooper  and  then  combined  to  obtain  data  for  fallout  of  several 
different  ages. 

The  geometry  of  the  calculations  is  shown  in  Figure  1.  For  each 
source,  the  direct-beam  and  scattered  fluxes  at  the  receiver  were 
computed  in  each  of  ten  energy  intervals  between  0.04  and  3.5  MeV  and 
eighteen  equal  receiver  angle  (0)  intervals  between  0®  and  180®,  in 
addition  to  the  fluxes,  the  dose  rate  arriving  through  each  ten-degree 
interval  of  receiver  angle  was  computed.  All  results  were  integrated 
over  azimuthal  angle  (<P)  to  reflect  distribution  in  receiver  angle 
only. 

For  the  direct-beam  calculations,  exponential  and  Inverse  square 

attenuation  were  considered  and  an  air  composition  of  22  percent 

(number  density)  oxygen  and  78  percent  nitrogen  was  assiuned. 

(4) 

Grodstein's  gamma-ray  cross  sections  and  an  air  density  of 
1.29  X  10~^  grams/cm^  were  used.  The  direct-beam  calculations  required 
an  integration  of  the  attenuation  kernel  over  the  surface  of  the 
infinite  plane  source.  The  receiver  angle  (0)  was  selected  as  the 
variable  of  integration  and,  using  a  machine  program,  an  increment 
A6  of  one  minute  was  used  in  Integrating  over  each  ten-degree  Interval 
of  receiver  angle. 

^Based  on  work  sponsored  by  the  Armed  Forces  Radloblology  Research 
Institute,  Defense  Atomic  Support  Agency,  under  Contract 
No.  DA-49-146-XZ-254. 
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A  ground  composition  corresponding  to  Nevada  Test  Site  soli 
was  used  In  the  Uonte  Carlo  calculation  of  the  air-  and  ground-scattered 
fluxes.  The  LOS  program  allowed  essentially  exact  representation  of 
the  air-ground  geometry  and  composition.  The  Infinite  plane  source, 
which  could  not  be  treated  directly  by  the  program,  was  approximated 
by  a  set  of  23  point  isotropic  sources,  each  of  which  represented  an 
annular  area  on  the  infinite  plane  source.  These  point  sources  were 
carefully  positioned  to  obtain  a  smooth  integration  and  extended  to 
a  distance  of  1600  feet  from  the  receiver. 

In  a  point  Isotropic  source  calculation,  the  LOS  Monte  Carlo 
Program  selects  source  emission  directions  at  random  and  follows 
each  photon  through  a  path  or  random  walk  generated  by  random  sampling 
from  collision  probability  distributions  and  angular  scattering  dis¬ 
tributions  for  the  material  being  penetrated.  Upon  each  collision, 
statistical  estimation  is  applied  to  compute  the  probability  that  the 
scattered  photon  will  go  directly  from  the  scattering  center  to  the 
receiver  without  further  interaction.  These  probablilT.ies  are  scored 
at  the  receiver  according  to  the  photon's  energy  and  the  angle 
through  which  It  arrives.  An  adequate  number  of  photon  paths  or 
"histories"  must  be  computed  to  insure  a  representative  distribution 
of  scattering  events  In  the  media  about  the  source  and  receiver.  The 
Monte  Carlo  estimate  of  the  flux  at  the  receiver  is  then  the  sum  of 
the  probabilities  accumulated  from  all  histories  divided  by  the  total 
number  of  histories. 

A  total  of  2300  histories  were  run  for  each  source  energy.  This 
number  was  generally  adequate  to  keep  the  indicated  standard  deviation 
of  the  total  fluxes  below  approximately  10  percent .  Each  photon 
history  was  terminated  upon  the  ISth  collision  or  upon  the  photon 
energy  being  degraded  below  0.04  HeV.  The  full  results  of  these 
calculations  have  been  reported  In  the  open  llterature^^^  and  they 
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have  been  used  extensively  In  some  of  the  other  studies  to  be 
described.  Thus  we  will  confine  the  present  description  to  some 
comparisons  with  other  results. 

The  results  of  the  monoenergetlc  plane  source  calculations  may 

be  conveniently  summarized  In  terms  of  tho  dose  buildup  factor  which 

Is  convenient  for  examining  the  relative  Importance  of  the  direct- 

beam  and  the  scattered  dose.  The  buildup  factor  Is  defined  as  the 

ratio  of  the  total  dose  to  the  direct-beam  dose.  As  shown  In  Figure  2, 

It  decreases  rapidly  with  Increasing  energy  up  to  approximately  1.0  MeV 

and  then  remains  relatively  constant.  Buildup  factors  measured  by 
(5) 

Rexroad  and  Schmoke  for  Infinite  plane  sources  simulated  by 

*®’'cs  and  ®®Co  point  sources  on  the  ground  are  within  5  to  10  percent 

of  the  corresponding  Monte  Carlo  values.  The  buildup  factor  for 

(6) 

"“Co  measured  by  Sohlemn,  et  i^.  is  approximately  4  percent  lower 
than  the  Monte  Carlo  value. 

Since  the  original  publication  of  these  results,  considerable 

attention  has  been  given  to  the  question  of  the  exact  values  of  the 

specific  dose  rate  and  the  dose  buildup  factor  for  a  receiver  3  feet 

(7) 

above  an  Infinite  plane  source  (1.25  MeV).  In  addition  to  the 
data  from  the  above  Monte  Carlo  calculations,  the  specific  dose  rate 
and  the  dose  buildup  factor  are  available,  or  may  be  Inferred,  from 
six  or  more  different  experimental  Investigations  and  from  a  lesser 
number  of  other  calculations .  Comparisons  of  the  other  results 
along  with  those  shown  In  Figure  2  indicate  Inconsistencies  on  the 
order  of  10  percent.  Although  some  of  these  results  were  lower  than 
the  Monte  Carlo  results,  the  overall  comparisons  suggested  that  the 
Monte  Carlo  results  could  be  too  low. 

Through  the  cooperation  of  Charles  Garrett  of  the  Armed  Forces 
Radloblology  Research  Institute,  the  Monte  Carlo  calculation  for 
1.25  MeV  was  extended  to  obtain  results  based  on  19,320  histories 
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M  compared  to  only  2300  fur  the  urlginal  problem.  The  dose  buildup 
factor  Increased  from  1.1S3  to  1.171  but  the  indicated  stntl ical 
deviation  of  the  calculation  remained  at  approximately  10  percent, 

Thu  best  value  for  the  specific  dose  rate  and  the  dose  buildup  factor 
for  a  receiver  3  feet  abovo  an  infinite  plane  “*Co  source  is  still  a 
matter  of  speculation. 

The  angular  distribution  of  the  gamma-ray  dose  rate  three  feet 

aijove  a  1.12-hour  fallout  field,  shown  in  Figure  3,  is  strongly 

peaked  between  80  and  90”  because  most  of  the  direct-beam  radiation 

from  the  infinite  plane  source  arrives  in  this  angle  Interval,  These 

data  wore  obtained  by  folding  the  monoenergetic  source  data  with  the 

energy  spectrum  of  the  non-volatile  fission  products  of  as  given 

(3) 

by  Nelms  and  Cooper.  Also  shown  in  Figure  3  is  the  dose  angular 

distribution  3.3  feet  above  a  l.l2-hour  fallout  field  as  given  by 
(8) 

Spencer  who  used  the  moments  method  and  assumed  an  Infinite  water 
medium  in  performing  calculations  for  the  same  source  spectrum.  The 
two  angular  distributions  are  in  substantial  overall  agreement  and, 
based  on  exploratory  calculations  performed  with  the  LOS  Monte  Carlo 
Program,  it  appears  that  the  differences  which  do  exist  for  receiver 
angles  greater  than  90  degrees  may  possibly  be  attributed  to  the 
increased  buildup  within  the  infinite  water  medium  assumed  in  the 
moments  method  calculation. 

(9) 

Mather,  et  measured  the  energy  and  angular  dlstrj button 

one  meter  above  a  9-day  fallout  field.  His  measurements  included  a 
source  spectrum  which  differs  considerably  from  the  theoretical 
spectrum  given  by  Nelms  and  Cooper.  Hence  a  special  calculation  was 
made  using  Mather's  source  spectrum  to  weight  the  monoenergetic  plane 
source  data.  The  upper  set  of  data  in  Figure  4  compare  Mather's 
spectrum  measured  at  85  degrees  to  that  calculated  (using  Mather's 
source  spectrum)  for  the  interval  80®<0<90'’  and  the  lower  set  compares 
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the  measured  spectrum  at  9S  degrees  to  that  calculated  for  90'’<&<100'’ . 
The  measured  and  calculated  spectra  at  83“  are  comprised  largely  of 
direct-beam  radiation  and  agree  within  approximately  25  percent  In 
all  energy  groups  above  0,10  MeV.  The  calculated  end  measured  spectra 
for  90*<8<100“  agree  almost  equally  well,  although  they  are  due  entirely 
to  scattered  radiation. 

Ill,  SIMULATION  OF  FALLOUT  FIELDS* 

The  simulation  of  fallout  fields  by  artificial  sources  Is  of 
Interest  to  the  experimentalist  who  wishes  to  Investigate  the  nature 
of  the  fallout  gamma-ray  environment,  perform  fallout  shielding 
experiments,  or  study  the  radiobiological  effects  of  fallout. 

Simulated  fallout  offers  the  advantage  of  controlled  experimental 
conditions  and  avoids  many  of  the  obvious  problems  associated  with 
real  fallout.  Our  work  in  this  area  consisted  of  examining  the 
extent  to  which  the  fallout  gamma-ray  environment  can  be  simulated  by 
three  different  approaches  ranging  from  a  very  simple  method  to  a  very 
sophisticated  method, 

Perhaps  the  simplest  device  for  simulating  fallout  would  be  a 
single  point  source  located  a  sufficient  distance  from  the  subject  for 
the  air-  and  ground-scattered  components  to  provide  some  diffuseness 
In  both  energy  and  angular  distribution.  Accordingly,  LOS  Monte  Carlo 
calculations  were  performed  for  a  point  °°Co  source  located  at 
horizontal  separation  distances  of  100  to  800  feet  from  a  receiver 
located  3  feet  above  the  ground  surface.  Energy  and  angular  distribu¬ 
tions  at  the  receiver  were  calculated  in  the  manner  described  in  the 
preceding  section;  the  only  difference  was  In  the  source  definition. 


*  Based  on  work  performed  for  the  Armed  Forces  Radloblology  Research 
Institute,  Defense  Atomic  Support  Agency,  under  Contract  No. 

DA-49- 146-XZ-2 54, 
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Comparison  of  these  energy  and  angular  dlatrlbutlona  with  those 
above  fallout  indicated  that  the  optimum  separation  distance  was 
about  200  feet.  Figure  5  shows  an  overall  comparison  of  the  energy 
and  angular  distribution  at  a  receiver  3  feet  above  1.12-hour  fallout 
(center)  and  from  the  point  *^Co  point  source  at  a  distance  of 
200  feet  (right).  The  energy  scale  in  Figure  5  is  arranged  in  energy 
groups  corresponding  to  those  used  in  the  Monte  Carlo  calculations. 

The  logarithmic  vertical  scale  gives  the  photon  flux  (in  units  of 
photons/cm^-sec-steradian  normalized  to  unit  total  dose  rate  as  a 
function  of  angle  in  each  energy  group. 

At  receiver  angles  greater  than  90  degrees,  where  all  photons 
are  from  air  scattering,  the-*^o  point  source  data  show  considerable 
similarity  to  the  fallout  data  except,  of  course,  above  the  1,0-1. 5  MeV 
energy  group  in  which  the  ®°Co  source  cannot  contribute.  Below 
90  degrees  there  is  little  similarity  due  to  the  strong  direct-beam 
component  from  the  fallout  source  which  is  not  present  for  the  point 
source . 

The  next  level  of  sophistication  in  simulating  a  fallout  field 
consists  of  using  a  "pseudo- infinite"  plane  source  of  a  single  source 
material.  This  approach ,  which  has  been  used  in  many  experiments, 

Is  feasible  because  a  finite  plane  source  of  reasonable  dimensions 
is  effectively  an  Infinite  source  in  terms  of  the  radiation  intensity 
3  feet  in  air  above  the  source.  As  an  example,  for  a  source  energy 
of  1.25  MeV,  75  percent  of  the  dose  originates  within  100  feet  of 
the  receiver. Approximately  99  percent  of  the  dose  comes  from 
within  1000  feet. 

The  simulation  of  fallout  by  pseudo-infinite  plane  sources  of 
radioactive  materials  was  Investigated  using  the  Moute  Carlo  data 
described  In  the  previous  section.  The  upper  set  of  data  in  Figure  6 
compares  the  energy  distribution  of  the  total  photon  flux  3  feet 
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above  Infinite  plane  sources  of  ’^^Cs  and  ‘°Co  to  that  above  a 
1.12-hour  fallout  source.  The  ‘*^Cs  and  ***00  data  are  normalized 
to  give  the  same  total  dose  rate  as  that  above  the  fallout  which  is 
based  on  the  fission  products  of  one  fission  per  cm*.  The  ‘*^Cs 

and  *°Co  spectra  bear  little  resemblance  to  the  fallout  spectrum 
except  for  the  degraded  components  below  approximately  0.5  MeV.  The 
principal  deficiencies  In  the  energy  spectrum  simulation  occur  above 
the  maximum  photon  energies  emitted  by  the  two  Isotopes . 

The  lower  set  of  data  In  Figure  6  shows  how  the  differential 
energy  spectrum  above  a  mixed  source  of  ^^*Ce  (<^0.1  MeV),  '  (~0.67  MeV) 

and  *°Co  Cvl.26  MeV)  compares  with  the  fallout  spectrum.  The  amount 
of  ^**Ce,  and  ®®Co  was  selected  to  correspond  with  the  fallout 

lource  strength  for  E<0.2S  MeV,  0.2S<E<1.00  MeV  and  E>1.00  MeV, 
respectively.  The  spectrum  from  the  mixed  source  shows  stronger  peaks 
and  valleys  (due  to  the  direct-beam  lines)  but  otherv/lse  follows  the 
fallout  spectrum  In  general  shape  up  to  maximum  energy  provided  by 
the  mixed  source. 

Figure  7  shows  a  corresponding  set  of  comparisons  of  the  differential 
angular  distribution  of  the  total  dose  above  tne  various  sources,  Both 
the  *”Cs  and  *®Co  sources  are  seen  to  provide  good  simulation  of  the 
fallout  dose  angular  distributions  except  at  very  high  angles  at  which 
only  scattered  photons  may  contribute  to  the  dose.  The  deficiency  at 
the  high  angles  Is  essentially  eliminated  by  the  mixed  source. 

Included  in  Figure  5  Is  an  overall  comparison  of  the  energy  and 
angular  distribution  above  the  '**Ce-^®''^Cs-*°Co  source  (left)  and  the 
1.12-hour  fallout  source  (center).  The  surfaces  generated  by  the  energy 
and  angular  distributions  above  the  two  sources  are  generally  similar 
except  for  the  absence  of  ®*Cs-*®Co  photons  In  the  energy 

groups  above  1,50  MeV. 
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Tlio  most  sophist icutod  fallout  simulator  which  was  ovaluatcd 

was  tho  so-callod  'compact"  simulator  proposed  by  the  Armed  Forces 

(12) 

Radlobiology  RoBoarch  Institute.  Basically,  tlie  compact  simulator 

consists  of  a  60-foot  radius  disc  of  ^*^06,  **’Cs  and  *®Co  on  tho  ground 
surface  with  a  "rim"  source  of  tho  same  three  Isotopes  at  a  height  of 
2,5  feet  above  tho  outer  odgo  of  the  disc  source.  Six  feet  above  the 
disc  source  Is  a  thlci;  slab  of  water,  also  with  a  radius  of  60  feet. 

The  philosophy  behind  the  compact  simulator  is  that  within  some 
usefully  largo  volume  about  the  center  of  tho  system,  the  rim  source 
will  be  a  virtual  source  for  that  portion  of  tho  Infinite  plane  source 
not  represented  by  that  disc  source,  and  that  the  water  slab  will  act 
as  a  scattering  medium  for  photons  from  both  the  disc  and  rim  source 
to  simulate  skyshlno  from  an  Infinite  plane  source. 

The  compact  simulator  was  found  to  produce  virtually  tho  same 
gamma-ray  energy  and  angular  distribution  as  did  the  ®‘^Cs-*°Co 

infinite  plane  source, 

IV.  ANAI,YSIS  OF  FALLOUT  SHIELDING  EXPERIMENT* 

Four  multilayer  enclosure  shields  were  exposed  to  fallout 

16,000  feet  downwind  from  Shot  Small  Boy  during  Operation  Sunbeam. 

(13) 

The  experiment,  designated  Project  2.15,  consisted  of  measuring 

the  gamma-ray  dose  rates  both  inside  and  outside  the  enclosure 

shields  for  periods  of  1  to  6  days  following  the  detonation.  The 

analysis  consisted  of  calculating  the  dose  transmission  factors 

(inside  dose  rate  divided  by  outside  dose  rate,  D/0^)  of  the  enclosure 

shields  on  a  theoretical  basis  and  comparing  with  similar  factors 

(14) 

derived  from  the  experimental  results.  The  purpose  of  the 


^Based  on  work  funded  by  the  Office  of  Civil  Defense  through  the  Terminal 
Ballistics  Laboratory,  BRL,  Aberdeen  Proving  Ground,  Md.,  under  contract 
DA-23-072-AlilC-332  (X) . 
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oxporiiiioiit  wus  to  otuujn  iiilnniml  loii  wlitch  would  bo  uboIuI  in  tlio 
dovolupmont  uiid  ovuluui tori  ol'  ciilLUlulioiial  inothodH  l'i>r  prodiotliiK 
tlio  trauamisHlon  oI  i'alloul  ki'i'uiiu  rays  iiUu  shloldud  Btructuros.  01' 
particular  intcroBt  waw  tlic  invoBtiaatlon  ol  the  timo-dopoiKloneo  ol 
tho  dose  transmission  laclors. 

Two  ol  tlio  cnclosuro  shields  wore  cubical  and  consistod  of  a 
d-incli  inner  layer  and  ii  1-inch  outer  layer  ol  iron  sopnratod  by  an 
11-inch  space  wliicli  could  bo  111  led  wltli  water.  One  ol  tho  cubical 
shields ,  doaiH;natcd  Shield  2  (see  inset  in  Flpure  B)  liud  an  inside 
dimension  of  24  Indies  whui'oas  tho  other  cubical  shield,  dosiBnatod 
Shield  3,  had  an  inside  dimension  ol  only  6  indies,  BoDi  cubical 
shields  wore  covered  by  a  1/8-inch  layer  ol  oluminum  and  n  1/4-inch 
layer  of  Doro.\y.  Tlio  otlier  two  enclosure  shields  wore  spboricnl  and 
liad  an  inside  diameter  of  24  inches .  One  spherical  shield,  Shield  4 
(see  Fiuuro  9)  liad  layer  thlcknossoa  similar  to  Shield  2.  Tlic  other, 
Shield  5,  consisted  of  two  1-iiidi  layers  of  iron  separated  by  a  2-:lnch 
space  which  could  bo  filled  with  water.  Both  spherical  shields  wore 
covered  with  a  1/4-lnch  layer  of  Boroxy. 

Prior  to  tho  detonation,  tho  shields  wore  positioned  with  their 
(jeomotrio  centers  50.5  inches  above  the  ground  and  at  100-foot 
intervals  along  a  line.  0-M  tubes  wore  mounted  at  the  center  of  each 
shield  and  at  a  corresponding  height  on  each  of  ten  froo-fleld 
detector  posts  located  in  tho  vicinity  of  the  shields.  Film  packs 
were  also  mounted  at  each  detector  location.  Following  tho  detonation, 
remote  readings  ol  the  gamma-ray  dose  rate  at  each  detector  location 
were  taken  at  frequent  intervals  until  the  dose  rates  inside  the 
shields  were  too  low  to  bo  measured  accurately.  The  space  between 
the  inner  and  outer  Iron  layers  of  each  shield  was  filled  wltli  water 
which  was  drained  by  remote  control  at  H+5  hours. 
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The  calculations  were  divided  into  three  etepe;  1)  specification 
of  the  time-dependent  energy  spectrum  of  the  gamma  rays  emitted  by  the 
fallout,  2}  deteruilnatlon  of  the  energy  and  angular  distribution  of 
the  gsmma  rays  Incident  upon  the  shields,  and  3)  calculation  of  the 
penetration  of  the  gamma  rays  into  the  shields.  A  variety  of  theoret¬ 
ical  and  measured  data  were  used  for  the  fallout  emission  spectra.  The 

(3) 

theoretical  spectra  were  those  of  Nelms  and  Cooper  for  the  fission 
products  from  thermal-neutron  fission  of  and  those  of 

SS  f  i,6  5  A  «  A 

BJornerstedt  for  fission-neutron  fission  of  and  thermal- 

neutron  fission  of  The  measured  spectra  Included  those  of 

C 16 ) 

Tomnovec,  ^  al.  for  Small  Boy  fallout  particles  and  Cook's  com- 

TT?) 

posit  spectra  based  on  fallout  samples  collected  from  a  number  of 
different  weapons  tests. 

The  energy  and  angular  distribution  of  the  scattered  gamma  rays 

above  fallout  with  the  above  energy  spectra  were  computed  using  the 

Monte  Carlo  data  discussed  in  Section  II.  Analytic  calculations 

were  made  of  the  energy  and  angular  distribution  of  the  direct-beam 

gamma  rays  above  the  fallout.  Additional  source  term  data  were  developed 

from  the  energy  and  angular  distributions  measured  above  Small  Boy 

{ 18) 

fallout  by  Huddleston,  et  al.  All  of  the  source  terms  were  pro¬ 

cessed  into  a  consistent  set  of  10  energy  groups  and  18  angle  groups  for 
folding  In  with  energy-  and  angle-dependent  shield  penetration  data. 

The  shield  penetration  data  were  computed  for  each  energy  group 

and,  for  the  cubical  shields,  each  angle  group.  The  direct-beam 

component  was  computed  analytically.  The  shield-scattered  component 

(19) 

was  computed  with  Wells’  CIS  Monte  Carlo  procedure  for  the 

(2) 

cubical  shields  and  with  Collins'  L06  Monte  Carlo  procedure  for 
the  spherical  shields.  The  application  of  the  resultant  penetration 
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data  In  calculating  the  dose  transmlaalon  factors  of  the  enclosure 
shields  Is  described  by  the  general  equation 

S  f  II(K,0)g(E)A(G,0) 

D/J)  -  SJ - 

where  N(E,0}  is  the  free-fleld  photon  flux  with  energy  E  at  angle  0, 
g(E)  is  the  flux-to-dose  conversion  factor,  and 
A(E,0)  is  the  fraction  of  the  dose  from  photons  Incident  with 
energy  E  at  angle  6  which  penetrates  to  a  receiver 
at  the  center  of  the  shield. 

Calculations  were  performed  for  each  shield  as  a  function  of  time 
using  each  of  the  various  theoretical  and  measured  source  terms.  Most 
of  the  calculated  dose  transmission  factors  are  summarized  and  com*- 
pared  with  the  measured  data  In  Figures  8  and  9  for  Shields  2  and  4, 
respectively.  With  few  exceptions,  the  calculated  dose  transmission 
factors  are  higher  than  those  measured.  The  extent  of  the  over- 
prediction  depends  upon  the  particular  source  term  but  It  Is  typically 
so  percent  or  more.  Shield  2  (Figure  8)  shows  the  best  overall  agree¬ 
ment  between  the  calculations  and  the  measurements .  The  calculated 
and  measured  factors  for  Shield  4  are  noted  to  be  consistently  higher 
than  those  for  Shield  2,  the  cubical  shield  of  similar  size  and  layer 
thicknesses.  The  measured  and  calculated  transmission  factors  for 
the  thin  spherical  shield  (Shield  5),  although  much  higher,  have 
characteristics  similar  to  those  of  Shield  4. 

Of  the  calculations  based  on  theoretical  source  terms,  those  using 
B joinerstedt 's  ®®®Pu  fission  product  gamma-ray  spectra^^®^  agree  best 

(17) 

with  the  measured  data.  The  use  of  Cook's  composite  measured  spectra 
gave  dose  transmission  factors  which  agree  better  with  the  measured 
factors  than  any  of  the  other  source  terms,  either  measured  or 


theoretical.  The  calculated  factors  based  on  the  Small  Boy  fallout 

(16) 

energy  spectra  measured  by  Tomnoveci  et  al.  show  poor  agreement 

with  the  measured  factors.  In  the  few  cases  where  calculated  factors 

baaed  on  the  energy  and  angular  distribution  measured  over  Small  Boy 

( 18) 

fallout  by  Huddleston,  et  al.  can  be  compared  with  measurements, 
they  show  little  improvement  over  the  other  data. 

Although  the  calculations  generally  overpredict  the  measurements, 
the  time-dependence  of  the  calculated  dose  transmission  factors  is 
reasonably  consistent  with  that  indicated  by  the  measured  factors . 

Both  the  calculations  and  measurements  indicate  that  D/D^  was  relatively 
constant  during  the  first  5  hours  (300  minutes)  and,  as  would  be  expect¬ 
ed,  increased  sharply  when  the  water  was  drained.  Peak  values  were 
reached  between  5  and  8  hours  follov/ed  by  a  decrease  of  as  much  as 
SO  percent  during  the  remainder  of  the  first  day.  All  of  the  cal¬ 
culations  indicate  that  increases  again  after  approximately 

3  days. 

The  results  of  a  simple  calculation  for  Shield  2  based  on  current 

Civil  Defense  shielding  technology  are  included  in  Figure  8.  This 

calculation  was  performed  with  the  method  for  simple  above  ground 

Structures  given  on  Page  4-6  of  Reference  20.  The  bottom  of  the 

shield  was  neglected  and  it  was  assumed  that  the  sides  extended 

downward  to  the  ground  surface.  The  comparison  shows  that  the  simple 

(8) 

calculation,  which  is  based  on  Spencer's  attenuation  data  for  a 
fixed  energy  spectrum  (Nelms  and  Cooper,  1.12-hr  “®®U),  gives  a 
reasonable  estimate  of  D/D^,  particularly  for  the  Important  early  times. 

It  was  concluded  that  the  most  critical  factor  in  the  calculations 
was  the  energy  spectrum  assumed  for  the  fallout  and  that  the  tendency 
to  over-predict  D/D^  was  probably  the  cumulative  result  of  several 
factors.  These  factors  Include  a  possible  deficiency  of  low  energy 
gamma  rays  in  the  source  terms,  the  use  of  idealized  models  of  the 


enclosure  shields  which  neglected  engineering  detail,  and  the  neglect 
of  ground  roughness  effects  on  the  energy  and  angular  distribution 
of  the  gamma  rays  incident  upon  the  enclosure  shields.  It  was  not 
possible  to  deflnltlze  the  individual  contributions  of  these  factors 
to  the  discrepancies  since  no  free-fleld  measurements  other  than  total 
dose  rate  were  made  at  the  exposure  site. 

V.  GROUND  ROUGHNESS  EFFECTS* 

The  only  detailed  calculations  of  the  gamma-ray  energy  and 

(l  8) 

angular  distributions  above  fallout  which  have  been  reported  ' 

employ  the  assumption  that  the  radioactive  material  is  uniformly 

distributed  over  a  perfectly  smooth  surface.  It  is  well  known, 

however,  that  this  assumption  can  lead  to  large  overestimates  of  the 

radiation  Intensity,  particularly  at  positions  near  the  ground  surface. 

(21) 

A  survey  reported  by  Clifford  gives  various  estimates  Indicating 
that  the  dose  rate  one  meter  above  rough  ground  may  be  only  10  to  70 
percent  of  the  corresponding  dose  rate  over  smooth  ground. 

A  number  of  possible  methods  for  incorporating  the  effects  of 

ground  roughness  into  fallout  calculations  have  been  suggested  and 

(21) 

explored  to  some  extent.  However,  their  application  has  been 

limited  to  the  direct-beam  (uncolllded)  component  with  emphasis  on  the 

effect  on  radiation  intensity  rather  than  on  energy  and  angular 

distribution.  Experimental  investigations  have  been  limited  largely 

to  the  effect  on  total  dose.  Exceptions  are  the  field  experiment 

(18) 

performed  by  Huddleston,  et  al.  and  current  work  by  Shumway  and 
co-workers  at  USNRDL.^^^^ 


*Ba3ed  on  work  funded  by  the  Office  of  Civil  Defense  through  the  United 
States  Naval  Radiological  Defense  Laboratory  under  Contract  No. 
N228(62479)68174. 
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The  flret  pheee  of  an  Inveetlgatlon  of  poealble  methods  for  pre¬ 
dicting  the  effects  of  ground  roughness  upon  the  energy  and  angular 

distribution  above  fallout  la  currently  being  completed  at  Radiation 

(23) 

Research  Associates.  The  principle  objectives  of  the  investigation 

are;  (1)  to  examine  the  effectiveness  and  practicality  of  several 
relatively  simple  methods  of  accounting  for  ground  roughness  effects, 
and  (2)  to  gain  additional  Insight  on  the  nature  and  extent  of  ground 
roughness  effects,  particularly  on  the  gamma-ray  energy  and  angular 
distributions  near  the  air/ground  Interface.  Because  of  the  overall 
complexity  of  the  problem  and  the  fact  that  there  are  a  number  of  possible 
approaches  to  its  solution,  the  first  phase  was  limited  primarily  to 
the  direct-beam  and  singly-scattered  components  (which  contribute  on 
the  order  of  90  percent  of  the  total  dose  rate  near  the  alr/ground 
Interface) . 

Of  the  various  approaches  which  have  been  suggested  for  including 
the  effects  of  ground  roughness  In  calculating  the  radiation  environ¬ 
ment  above  fallout,  four  ware  selected  for  investigation; 

1.  Burled  source  mcdel. 

2.  Mixed  source  model. 

3.  Collimated  source  model. 

4.  Furrowed  surface  model. 

The  burled  source  model  is  the  most  popular  of  the  four.  It 

has  been  discussed  and  investigated  to  various  extents  by  several 
(lA  24  28  28  27) 

investigators,  •  *  >  *  In  this  approach,  the  degree  of  ground 

roughness  Is  represented  by  the  thickness  of  the  soil  Igyer  beneath 
which  the  source  Is  assumed  to  bo  buried.  The  mixed  source  model  is 
similar  to  the  buried  source  model  in  that  the  source  material  is 
assumed  to  be  mixed  with  a  thin  layer  of  soil,  the  thickness  of  which 
is  adjusted  to  simulate  the  desired  degree  of  ground  roughness. 
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Hid  simplest  model  proposed  thus  far  is  the  collimated  source 
model  conceived  for  the  present  investigation.  In  this  model,  the 
source  is  assumed  to  be  uniformly  deposited  on  a  smooth  ground  surface. 
Rather  than  being  allowed  to  emit  gamma  rays  isotropically,  however, 
the  emission  Is  constrained  to  angular  sectors  which  are  specif led 
according  to  tho  degree  ol  ground  roughness. 

The  furrowed  surface  model  has  been  investigated  experimentally 
(211 

by  Clifford,  but  has  not  been  used  previously  for  calculations. 

It  consists  of  a  uniform  array  of  furrows  In  the  ground  surface. 

The  width,  depth  and  spacing  of  the  furrows,  along  with  the  division 
of  source  material  among  the  regions  of  the  furrows,  control  the  degree 
of  ground  roughness . 

« 

Equations  were  formulated  for  the  energy  and  angular  distributions 
of  the  flux  and  dose  rate  from  direct-beam  and  singly-scattered 
photons  at  an  arbitrary  height  above  a  monoenergetic  Infinite  plane 
source  on  a  ground  surface  as  represented  by  each  of  the  four  models. 

In  each  case,  the  single  scattering  was  assumed  to  be  affected  by 
the  ground  roughness  only  through  the  effect  on  the  distribution  of 
the  direct-beam  flux  In  the  air  and  ground  (i.e.,  ground  roughness  was 
assumed  to  have  a  negligible  effect  on  the  path  of  the  radiation 
after  a  collision  occurs) .  Receiver  energy  and  angle  groups  were 
selected  to  be  consistent  with  those  used  In  the  previous  Monte  Carlo 
calculations . 

The  most  extensive  calculations  were  performed  with  the  buried 
source  model.  The  energy  and  angular  distribution  of  the  flux  and  the 
angular  distribution  of  the  dose  rate  from  direct-beam  and  singly- 
scattered  gamma  rays  were  computed  three  feet  above  the  air-ground 
Interface  for  sources  burled  In  dry  Nevada  Test  Site  soil  (p  •*  1,15  gm/cm^) 
at  depths  of  0,  0.25,  0.50,  1.0,  1.5  and  2.0  Inches  and  with  aouroe 
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energies  ol  u.iO,  0.14,  0.20,  0.40,  0.67,  0,85,  l.?5,  1  2.5  and 

3.S  MoV.  The  calculations  for  source  energies  of  0.67  and  1,25  MeV 
wore  extended  to  source  depths  of  tour  Inches. 

Figure  10  Illustrates  the  dependence  of  the  angular  distribution 
of  the  dlrect'boam  and  singly-scattered  dose  rates  upon  source  depth 
for  a  source  energy  of  1,25  MoV.  The  shape  of  the  direct-beam  curve 
for  0>7O'’  has  a  strong  dependence  upon  source  depth.  The  angular 
distribution  of  the  singly-scattered  dose  rate  Is  less  sensitive  to 
source  depth,  but  It  is  noted  that  the  dose  rate  from  d<90°  Increases 
at  small  depths.  This  Increase  overrides  the  decrease  for  6>90°  so 
that  the  total  singly-scattered  dose  rate  Increases  at  small  depths 
as  Is  indicated  In  Figure  11  which  shows  the  doso  rates  from  the  0.67 
MeV  source  versus  source  depth.  Presumably,  the  Increase  In  the 
scattered  dose  ratn  is  duo  to  the  larger  number  of  scattering  events 
which  occur  between  the  source  plane  and  the  receiver. 

Included  in  Figure  11  are  the  results  of  Clifford's  measurements 
made  3  foot  above  a  slmulatod  plane  source  70  meters  in  radius 

(  2fi  ) 

with  vorious  thicknesses  of  expanded  polystyrene  covering  the  source. 

To  make  a  comparison  with  the  calculated  data,  the  polystyrene  thicknesses 
were  converted  to  mass-equivalent  ground  thicknesses .  The  measured 
doso  rate  for  zero  source  depth  is  noted  to  be  approximately  20  percent 
less  than  the  calculated  sum  of  the  calculated  direct-beam  and  singly- 
scattered  dose  rate.  This  difference  is  probably  due  to  the  experi¬ 
mental  source  extending  to  only  70  meters.  Otherwise,  the  neglect 
of  multiple  scattering  in  the  calculations  should  underpredict  the 
measured  doso  rate.  The  other  measured  values  for  equivalent  depths 
of  0.35  and  0.70  Inches  fall  somewhat  in  line  with  the  sum  of  the 
calculated  direct-beam  and  singly-scattered  dose  rates.  It  is  thought 
that  the  finite  size  of  the  experimental  source  does  not  reduce  the 
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closu  rate  at  these  source  depths  because  the  contribution  from  points 
nt  greater  distances  on  an  infinite  plane  source  would  bo  llmitod  by 
the  large  slant  paths  through  the  ground. 

Results  for  fallout  of  several  different  ages  were  computed  by 
woightlng  the  monoenergetlc  source  data  according  to  the  Nelms  and 
Cooper  energy  spectra  for  non-volatile  fission  products  and 

summing  over  energy  for  each  source  depth.  It  was  found  that  in  terms 
of  the  total  direct-beam  and  total  singly-scattered  dose  rates,  the 
1.12-hour  data  has  a  source  depth  dependence  which  almost  exactly 
matches  that  for  the  1.2S  MeV  plane  source.  Similarly,  the  23.8-hour 
fallout  data  matches  the  0.85  MeV  data  and  the  '1.57-day  fallout  data 
matches  the  0.67  MeV  data. 

/  J 

Huddleston,  measured  the  gamma-ray  energy  and  angular 

distributions  3  feet  above  28-hour  fallout  deposited  on  a  dry  lake  bod 
and  above  S, 6-day  fallout  deposited  on  rough  desert  terrain,  In  order 
to  make  comparisons  with  the  above  mentioned  calculations  for  23.8-hour 
and  4.57-day  fallout,  the  measured  energy  and  angular  distribution  data 
were  rearranged  into  the  same  energy  and  angle  groups  used  for  the 
calculations , 

Comparisons  of  the  measured  dose  angular  distributions  with  those 
computed  for  burled  fallout  sources  considering  only  the  direct-beam 
and  single  scattering  would  not  be  meaningful  since  the  effects  of 
multlplo  scattering  are  included  in  the  measured  data.  In  order  to 
make  comparisons,  two  approaches  for  Including  an  approximation  of 
the  multiple  scattering  were  tried: 

1}  It  was  assumed  that  burying  the  source  under  the  ground 
had  no  effect  on  the  multiple  scattering  and  that  pre¬ 
viously  calculated  multiple-scattering  data  for  a  source 
at  the  air-ground  interface  could  be  added  to  the  direct 
beam  from  a  burled  source. 


3)  It  was  KiBUiHd  that  the  total  multlple-acattered  dose  tor 
0<gO*  was  effaotad  by  source  burial  In  the  aane  manner  as 
the  stnKly-Bcattered  dose  but  that  the  angular  distribution 
within  this  Interval  is  not  changed,  A  corresponding  assump¬ 
tion  was  made  lor  the  multiple  scattering  lor  0>BO”. 

These  two  approaches  were  used  in  a  trial  and  error  process  to  determine 
which  approach  and  source  depth  led  to  the  best  approximation  ol  the 
measured  dose  angular  distributions. 

Figure  12  shows  a  comparison  ol  results  obtained  using  the  second 
approach  with  the  measured  results  for  the  fallout  deposited  on  a  dry 
lake  bed.  The  dose  angular  distribution  crlculated  with  the  source 
burled  at  a  depth  of  O.ft-lnches  oi^rees  very  well  with  the  measured  data 
except  at  very  large  angles.  Included  In  Figure  12  Is  the  dose  angular 
distribution  computed  for  fallout  deposited  on  a  smooth  ground  surface 
which  Is  seen  to  differ  considerably  from  tho  measured  data.  For  the 
case  of  the  fallout  deposited  on  rough  desert  terrain,  the  best  cal¬ 
culated  results  were  obtained  using  the  second  approach  and  assuming 
tho  source  to  be  burlod  at  a  depth  of  1  inch. 

The  mixed  source  model  may  ue  treated  as  an  extension  of  the 
burled  source  model  inasmuch  as  burled  source  data  may  bo  weighted  and 
oomblnod  to  approximate  mixed  source  results.  Accordingly,  the  burled 
source  results  described  in  tho  previous  paragraphs  for  monoonergetic 
and  fallout  sources  were  used  to  generate  results  for  the  case  where 
tho  source  is  mixed  uniformly  with  tho  soil  to  depths  up  to  two  inches. 

Tho  dependence  of  the  dlrect-boam  and  singly-scattered  dose  rates 
upon  the  depth  to  which  tho  saurco  Is  mixed  was  found  to  be  similar 
to  that  of  buried  source  model,  except  that  both  components  fall  off 
loss  rapidly  with  increasing  dopth  for  the  mixed  source.  The  mixed 
source  curves  are  flatter  because  a  fraction  of  the  source  always 
remains  near  the  ground  surface  and  makes  n  relatively  large  contribu¬ 
tion  to  the  dose  rate  at  tho  receiver.  For  tho  same  reason,  the 
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angular  distribution  of  the  direct  beam  from  the  mixed  eourcc  differs 
significantly  from  that  observod  for  the  burled  source.  £vcn  when 
mixed  uniformly  to  a  depth  of  2  Inches  the  mixed  source  direct  beam 
has  a  strong  peak  as  the  receiver  angle  approaches  90  degrees.  There 
was  little  difference  between  the  singly-scattered  dose  rate  angular 
distributions  for  the  mixed  and  burled  sources,  however. 

The  collimated  source  model  stems  from  the  observation  that  one 
of  the  most  appaioni  effects  of  ground  roughness  Is  a  reduction  In  the 
strong  dlx'ect-beam  component  from  below  the  horizon  caused  by  the 
large  slant  path  through  the  surface  materials  lyliii;  above  (but 
necessarily  over)  portions  of  the  source  (see  Figure  13).  If  source 
particles  are  assumed  to  settle  straight  down  Into  crevices  and  between 
lumps  of  soil,  rocks,  or  other  matter,  the  escape  of  uncolllded  radia¬ 
tion  Into  the  air  Is  uninhibited  at  or  near  6  ■  0*  whore  0  is  the 
angle  measured  with  respect  to  the  upward  normal.  As  0  increases, 
however,  the  probability  of  penetrating  ground  material  Increases, 
approaching  unity  at  ■  90“  for  all  but  source  particles  lying  on  top 

of  the  highest  surface  features. 

The  collimated  source  model  is  based  on  the  assumption  that,  for 
a  given  ground  surface,  there  exists  an  effective  cutoff  angle  0< 
beyond  which  no  leakage  of  uncolllded  radiation  Into  the  air  can  occur. 
The  value  of  O'  depends  on  the  nature  and  tho  degree  of  ground  roU).h~ 
ness.  Leakage  into  the  air  la  assumed  to  be  uninhibited  for  0"<0<d ' 
and  nir  scattering  Is  assumed  to  bo  affected  only  through  tho  effect 
of  0'  on  tho  uncollidod  Ilux  distribution  in  air.  Ground  scattering 
Is  not  affected  by  the  modol  since  llio  direct-beam  leakage  Into  tho 
ground  is  unlnliibitod  for  fi0“<«<l80“. 
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T>)e  itudloB  porfurmed  with  tlio  collimated  uuurco  nuidol  wore  limited 
to  a  •ouroe  enorRy  uf  1.2S  MoV.  Calculation!  were  porXomod  for  suvoral 
effective  cutoff  anglee  O'  ranging  from  45  to  B7.5  dogroos.  The  dlroct' 
beam  and  ■Ingly-eoattored  doeo  rate*  versus  cutoff  angle  are  shown  In 
Figure  14.  The  direct-beam  curve  Is  reminiscent  of  tlioso  cutnputod  with 
the  burled  souroo  method;  a  relatively  sharp  Initial  decrease  In  the  dose 
rate  Is  followed  by  an  approximately  logarithmic  gradual  docroaso.  It 
should  bo  noted,  however,  that  If  the  curve  was  oxtondod  to  small  angles, 
It  would  have  to  turn  steeply  downward  since  the  direct-beam  dose 
rates  for  O'  ■  U  would  bo  zero. 

The  slngly-soattored  dose  rate  curve  bears  no  resemblance  to  that 
computed  with  the  other  methods.  In  particular,  there  is  no  Initial 
buildup  in  scattered  dose  as  the  amount  of  ground  roughness  Is  Increased 
(1.0.,  as  O'  Is  decreased).  Moreover,  the  slngly-soattorod  dose  rate 
curve  does  not  tend  to  become  parallel  to  the  direct-beam  curve.  The 
slngly-soattorod  componont  continuously  Increases  In  Importance. 

An  interesting  feature  of  the  singly-scattered  dose  rate  angular 
distribution  curves  computed  with  the  collimated  source  model  is  that 
tliolr  shapes  and  magnitudes  are  nearly  independent  of  O'  for  receiver 
angles  less  tlian  90".  This  behavior  is  a  result  of  the  strong  contri¬ 
bution  from  ground  scattering  which  is  Independent  uf  O'  •  The  dependence 
of  the  singly-scattered  dose  upon  O'  booomes  progresslvoly  greater  for 
recolvor  angles  greater  than  90°.  The  diroct-boam  angular  distribution 
does  not  change  In  shape  with  O'  i  It  simply  terminates . 

The  furrowod-surfaoo  ground  roughness  model  Is  based  on  the  assump¬ 
tion  that  the  ground  roughness  can  bo  roprosontod  by  regular  furrows  or 
ridges  In  an  otherwise  smooth  ground  surface.  The  furrows  may  bo  «;^thor 
rectilinear  or  concentric.  The  concentric  geometry  was  selected  for  the 
present  study  because  the  synunotry  reduces  the  amount  of  calculat lonal 
effort  required.  The  geometry  of  the  furrowod-surfaoo  model  which  was 
programmed  Is  illustrated  In  Figure  15.  The  parameters  h,  W,  X  and  Z 
may  bo  adjusted  to  represent  furrows  uf  arbitrary  profile. 
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The  M  liiKle-Hent  lerliiK  ealeiil'U  Ion  rociiilruH  l  lie  iisse.sHmont  ot 
the  niiffulnr  rH  hi  rl  hut  ion  "C  ihe  d  1  reel  -  Ijcam  I'lux  at  a  mimliei'  of  jjiiHiLlimM 
nlon|{  the  /  axlH.  Thu  dlrect-ljeam  flux  at  a  itiveii  /  1h  then  usHiimed  to 
he  Indopunduiii  of  t hu  I'udtal  poHltton,  and  Die  proHioicu  of  tlie  fiirrowH 
iH  onco  the  dlroct-beam  dl«t  rllnit  ion  iH  computed.  Hence,  tn 

the  Hinkle-sent torliiR  cnlculnt ions,  the  effect  of  the  furrows  is  to 
mollify  the  dl.Htrlhullon  of  first  collision.'!  in  the  air  and  In  the 
Rround.  Once  a  coIIIhIpii  tulios  place,  the  path  from  the  collision 
center  to  the  l•occlvor  is  assumed  to  bo  the  samu  ns  If  the  uroimd 
surface  had  boon  siiionth. 

from  tho  above  it  is  soon  that  a  physical  inlorpretullon  of  the 
modol  would  bo  us  follows!  From  any  ttlvon  point  of  observation,  tho 
ground  surface  has  uniformly  spaced  furrows  concentric  about  Die 
vortical  axis  througli  tho  observation  point  Insolnr  ns  the  dlroct- 
boait  component  is  concornod.  The  slnglo-scattorod  component  iit  the 
same  obsorvatloii  point  due  to  scnvtorlng  In  a  particular  dV  is  that 
which  would  result  if  the  furrows  wore  concentric  about  the  axis  on 
which  that  dV  lies. 

The  machine  time  requirements  for  tho  furrowod-sourco  calculations 

turned  out  to  bo  quite  largo  compared  to  tho  other  models,  Tho 

difficulty  stems  from  tho  requlromont  for  oalculotlng  tho  dlroct-bonm 

at  0  large  number  of  mosh  points  for  use  in  tho  slnglo-scattering 

calculutJon,  For  ooch  such  mesh  point,  the  path  through  the  furrows 

must  bo  tracori  from  many  individual  points  on  llio  furrowed  surfaco  in 

tho  process  of  integrating  over  tho  source  distribution,  ficenuso  of 

tho  large  amounts  of  machine  time  required,  only  a  few  calculations 

were  performed  with  tho  code.  The.se  calculations  were  doslgned  to 

(21) 

correspond  to  an  experiment  performed  by  Clifford. 

Clifford's  experiment  Included  monsuromonts  of  tho  gamma-ray 
dose  rate  above  rough  ground  simulated  by  a  concentric  sawtooth  array 
with  a  radius  of  70  meters  and  contaminated  by  ^*'’^Cb  sources  (0,67  MeV), 
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Tliu  Hawteeth  were  of  concrete  and  had  a  45*  profile  with  a  depth  of 
6  Inches.  Measurements  were  made  at  vortical  heights  of  1  to  19.3 
meters  above  the  center  of  the  field  with  ^*^Cs  point  sources  positioned 
individually  at  various  radii  in  the  valleys,  at  the  apex,  and  at  the 
midpoint  of  each  slope.  Control  measurements  were  made  over  a  smooth 
concrete  surface. 

Calculations  wore  performed  for  comparison  with  Clifford's  results 
for  the  case  where  the  sources  were  located  at  the  midpoint  of  each 
shape  and  for  the  smooth  surface  case.  Table  I  gives  the  measured 
and  calculated  results  for  a  receiver  1  meter  above  the  center  of  the 
concentric  field,  for  both  the  smooth  surface  case  and  for  the  case 
where  the  sources  are  located  at  the  mid-point  of  each  slope.  Since 
the  measured  dose  rates  include  multiple  scattering,  it  was  necessary 
to  include  an  estimate  of  the  additional  dose  rate  from  higher  orders 
of  scattering  in  the  calculations.  This  was  done  by  assuming  that  the 
ratio  of  total  scattering  to  single  scattering  for  a  receiver  3  feet 
above  an  infinite  plane  source  of  0.67  MeV  gamma  rays  on  a  smooth  ground 
surface  is  applicable  to  the  experimental  geometry.  This  ratio  was 
estimated  from  the  single-scattering  data  from  the  buried  source 
calculations  for  a  source  depth  of  zero  and  from  the  multiple  scattering 
data  given  in  reference  1. 

From  the  preliminary  studies  of  the  four  ground  roughness  models, 
it  appears  that  the  best  choice  for  use  in  fallout  calculations  would 
be  either  the  burled  or  the  mixed  source  model.  The  buried  source 
model,  which  may  be  regarded  as  a  special  case  of  the  mixed  source 
model,  is  the  more  convenient  of  the  two  to  apply.  The  collimated 
source  model,  although  easy  to  apply,  does  not  appear  to  produce 
realistic  results.  The  furrowed  source  model  is  attractive  from  the 
standpoint  of  physical  realism,  but  it  is  exceedingly  cumbersome  to 
apply  and,  thus  far,  gives  no  Indication  of  being  better  than  the 
buried  and  mixed  source  models. 
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Table  I 


Dose  Rates  1  Meter  Above  Ccn’.er  o£  Source 

70  Meters  in  Radius 

(rad(tis8Ue)/hr  per  source  photon/cni*-Bec) 


Component 

Calculated 

Measured 

Furrowed  Surface 

Direct-Beam 

3.517  X  lO"^ 

Singly-Scattered 

1,466  X  lO"^ 

Adjustment  for 

—  "I' 

Multiple  Scattering 

2,506  X  1C  ' 

Total 

7.489  X  lo'^ 

8.430  X  10“^ 

Smooth  Surface 

Direct-Beam 

2,248  X  lO"® 

Singly-Scattered 

2.397  X  10“^ 

Adjustment  for 

■.7 

Multiple  Scattering 

4.090  X  10 

Total 

2.897  X  10~® 

2.399  X  lO'® 

The  results  of  the  first  phase  of  the  theoretical  ground  roughness 
study  led  to  the  recommendation  that  the  next  phase  consist  of  an 
investigation  of  the  role  of  the  multiply-scattered  component  and  the 
correlation  of  buried  and  mixed  source  calculations  with  some  of  the 
more  recent  experimental  studies.  The  ultimate  objective  should  be 
the  selection  of  a  single  model  and  the  establishment  of  parameters 
such  as  source  depth  for  different  types  of  terrain. 


381 


VI.  GAMMA-RAY  DEPTH-DOSE  PATTERNS  TN  PHANTOM* 


The  objoctlvo  of  this  investlRatlon,  which  was  Initiated  only 
two  months  ago,  is  to  dotormino  tho  gamma-ruy  dopth-doso  patterns  in 
a  phantom  roprosentativo  of  tho  human  body  when  exposed  to  the 
radiation  environment  produced  by  fallout  fields  and  by  soloctod 
arrangements  of  radioactive  sources.  Of  particular  interest  is  tlio 
determination  of  the  differences  in  the  dopth-doso  patterns  produced 
by  fallout  and  by  radioactive  source  configurations  intended  to 
simulate  fallout. 

The  phantom  consists  of  a  tissue-equivalent  vertical  right 
cylinder  60  cm  in  height  and  30  cm  in  diameter.  The  center  of  the 
phantom  is  assumed  to  be  111,8  cm  above  a  ground  surface  uniformly 
contaminated  by  fallout.  Tho  energy  and  angular  distribution  of  the 
fallout  and  simulated  fallout  gamma  rays  incident  upon  tho  phantoms 
are  being  taken  from  the  Monte  Carlo  calculations  des'.  ribed  in 
Sections  11  and  III. 

The  chief  mathematical  tool  being  used  to  compute  the  depth-dose 

(28) 

patterns  is  the  COHORT  Monte  Carlo  procedure.  A  special  FORTRAN 

procedure  was  prepared  to  calculate  the  uncoil Idod  gamma-ray  components 
analytically.  Preliminary  calculations  Indicate  that  a  minimum  of 
approximately  50  percent  of  the  dose  at  any  point  in  the  phantom  Is 
from  photons  which  have  suffered  no  previous  collisions  in  the  phantom. 


♦Based  on  work  sponsored  by  the  Armed  Forces  Radiobiology  Research 
Institute,  Defense  Atomic  Support  Agency,  under  Contract  No. 
DA-49- 14 6-XA-479. 
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VII.  MONTE  CARLO  STUDY  OF  BARRIER  ATTENUATION  FACTORS* 

Toiloy's  Civil  Dt'fonsc'  fallntil  shloltllriK  tGchnolony Is  baaed 

(29) 

largely  on  alnplified  molhods  developed  from  the  results  of 

(  H  ) 

rlRorous  calculations  which,  in  turn,  are  based  on  idealizations  of 
the  actual  problems.  Altliough  a  conaidorablo  amount  of  experimental 
and  theoretical  work  hnu  been  carried  out  in  recent  years  toward  the 
evaluation  of  some  of  the  approximations,  the  evaluations  thomsolvcs 
often  involve  idealizations.  For  example,  essentially  all  experiments 
have  employed  finite  arrays  of  artificial  sources  of  monoener^jotic 
gamma  rays  to  simulate  the  ganmia  rays  from  infinite  plane  fallout  sources. 
Consequently  there  has  been  little  direct  verification  of  the  basic 
results  from  which  the  simplified  methods  wore  developed. 

To  provide  a  more  direct  evaluation  of  the  barrier  attenuation 

data  in  current  use,  Radiation  Research  Associates  is  computing  some 

(2  19  28) 

of  the  more  important  cases  using  Monte  Carlo  techniques  ’  ’  which 

avoid  certain  idealizations  required  in  the  previous  calculations. 

Tlio  Monte  Carlo  calculations  include  two  cases  of  fundamental  importance; 
1)  vertical  wall  barrier  and  2)  cylindrical  wall  barrier.  In  each  case 
the  energy  and  angular  distribution  of  direct-beam  and  scattered  gamma 
rays  Incident  upon  the  barrier  walls  due  to  an  infinite  plane  source 
on  the  ground  surface  will  be  considered.  The  energy  and  angular 
distributions  of  the  incident  gamma  rays  are  the  results  of  previous 
Monte  Carlo  calculations which  consider  the  effect  of  the  alr/gro\ind 
interface.  Concrete  v'iil  be  used  as  the  barrier  material. 

The  vertical  wall  barrier  attenuation  data  given  in  Reference  8 
were  computed  with  the  moments  method,  a  method  which  has  been  used 
with  great  success  in  Infinite  medium  calculations.  The  restriction 
of  the  moments  method  to  infinite  medium  problems,  however,  leads  to 
possible  shortcomings  :.n  the  barrier  attenuation  data  since  the  gamma 

*Based  on  work  funded  ty  the  Office  of  Civil  Defense  through  the  United 
States  Naval  Radiological  Defense  Laboratory  under  Contract  No. 
N0022866C0910. 
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radiation  transport  (both  in  the  alr/ground  medium  before  reaching  the 
barrier  and  the  transport  In  the  barrier)  rfirpilrort  idealization  of  the 
problem.  Implicit  in  the  infinite  medium  treatment  is  the  restriction 
to  a  single  material.  Water  was  used  to  represent  both  air  and  ground 
and  the  barrier  material  Itself  was  taken  to  be  water.  Other  simplifi¬ 
cations  in  the  calculations  Included  the  neglect  of  energy  degradation 
prior  to  striking  the  barrier.  Results  for  a  cylindrical  barrier  are 
generated  from  the  slab  barrier  results  by  a  geometrical  transformation 
given  in  Reference  29. 

The  Monte  Carlo  calculations  incorporate  the  individual  material 
compositions  of  the  air,  the  ground  and  the  barriers.  Material  inter¬ 
face  effects  are  Included  in  the  calculations  and  no  compromise  Is 
necessary  in  handling  the  energy  and  angular  distribution  of  the 
radiation.  The  Monte  Carlo  approach  allows  direct  generation  of  results 
for  the  cylindrical  barrier  so  that  use  of  a  geometric  transformation 
is  required  as  was  the  case  for  the  moments  method  calculations.  Com¬ 
parisons  of  the  Monte  Carlo  results  with  the  previous  results  for  slab 
and  cylindrical  barriers  should  help  provide  a  basis  for  deciding  whether 
the  Civil  Defense  fallout  shielding  technology  should  continue  to  build 
from  the  old  basic  calculations  or  whether  new  results  should  be 
generated. 


VIII.  SUMMARY 

Recent  and  current  research  projects  at  Radiation  Research 
Associates  encompass  many  of  the  numerous  radiation  transport  problems 
involved  in  the  determination  of  the  characteristics  of  the  gamma-ray 
environment  produced  by  fallout  and  in  the  consideration  of  these 
characteristics  in  fallout  shielding  and  radiobiology  studies.  The 
important  characteristics  of  the  radiation  field  for  most  purposes  are 
the  energy  and  angular  distributions  of  the  gamma-ray.  These  distribu¬ 
tions  are  particularly  important  if  penetration  through  appreciable 
amounts  of  material  Is  Involved. 
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Although  the  energy  and  angular  distributions  produced  by  fallout 
are  known,  or  can  presently  be  calculated  with  what  appears  to  be 
reasonable  accuracy  for  idealized  situations  where  the  source  energy 
spectrum  is  known  and  the  ground  surface  is  smooth,  it  must  be 
acknowledged  that  the  exact  amount  of  uncertainty  in  such  calculations 
has  not  been  established.  Even  in  terms  of  the  total  dose  above  a 
plane  isotropic  ^°Co  source,  there  are  discrepancies  on  the  order  of 
10  percent  among  various  measurements  and  calculations. 

The  best  choice  of  a  source  energy  spectrum  for  a  particular  case 

is  not  too  clear.  The  analysis  of  the  enclosure  shield  experiment, 

which  involved  penetrations  on  the  order  of  2  to  6  relaxation  lengths, 

indicated  that  the  results  obtained  using  various  theoretical  and 

experimental  energy  spectra  varied  widely.  Of  particular  importance 

was  the  observation  that  the  Nelms  and  Cooper  fission  product  decay 

(3) 

spectra)  which  is  incorporated  into  moat  Civil  Defense  barrier 
attenuation  data,  were  not  among  those  spectra  which  seemed  to  produce 
the  best  overall  results  for  the  enclosure  shields.  Although  the 
different  spectra  did  not  give  consistent  dose  transmission  factors  for 
the  shields,  they  were  reasotxably  consistent  in  indicating  the  time 
dependence  of  the  transmission  factors. 

The  nature  of  ground  roughness  effects  is  being  determined  in 
some  detail  through  current  theoretical  and  experimental  efforts  and 
there  are  Indications  that  these  effects  may  be  accounted  for  by 
relatively  simple  methods.  Further  study  is  required  in  this  area, 
however,  before  the  methods  can  be  definitized. 

Fallout  simulation  studies  inolcate  that  either  extended  or 
compact  configurations  of  common  radioactive  sources  can  give  good 
simulation  of  most  aspects  of  the  fallour  gamma-ray  environment  except 
the  energy  distribution.  Studies  are  currently  underway  to  determine 
the  extent  to  which  the  depth-dose  patterns  in  phantoms  are  Influenced 
by  the  discrepancies  in  the  rnergy  spectra. 
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Fig.  1.  Source  and  Receiver  Geometry 
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DOSE  BUILDUP  FACTOR 


Fig.  2 


Camma  Doae  Buildup  Factors  for  Receiver  In  Air  3  Feet 
Above  Infinite  Plane  isotropic  Source  on  Ground 
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Fig.  3.  Comparison  of  Monte  Carlo  and  Moments  Method 
Gamma- Ray  Dose  Rate  Angular  Distribution  from 
1.12  Hour  Fallout 
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Fig.  4 


Comparison  of  Calculated  and  Measured 
Gamma-Ray  Energy  Spectra  3  Feet  Above 
9  Day  Fallout 
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Fig.  5.  Comparison  of  Flux  Energy  and  Angular 
Distributions  3  Feet  Above  1.12  Hour 
Fallout  and  Simulated  Fallout 
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Fig,  6.  Differential  Energy  Spectra  3  Feet 
Above  Infinite  Plane  Pource 
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Fig.  8.  Calculated  and  Measured  Dose  Transmission  Factors 
for  Cubical  Enclosure  Shield  2 
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9.  Calculated  and  Meaatired  Dose  Transmission  Factors 
for  Spherical  Enclosure  Shield  4 


o 

o 


10' 


10' 


A 

Bi 

1  1 

30  60  90  120  150  180 

RECEIVER  ANGLE  (d*gre«i) 


F-*  g .  10 .  Angular  Distribution  of  Oainma-Ray  Dose  Rate  3  Feet  Above 
1.25  MeV  Source  at  Depth  T  Below  Ground  Surface 
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Fig.  12.  Comparison  of  Measured  and  Calculated  Dose  Angular 
Distributions  Above  Fallout  Deposited  on  a  Dry  Bed 
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Fig.  15.  Geometry  of  Furrowed-Surface  Ground 
Roughness  Model 


INTENSITY— ACTIVITY  REMTIONS  FOR  SHOT  SMALL  BOY 

P.  D.  LaRlvlere,  S-K  Yu  and  C.  F.  Miller 

Stanford  Research  Institute 
Menlo  Park,  California 


ABSTRACT 


An  analysis  of  the  relationship  of  gamma  exposure  rate 
to  fission  density  and  Ionization  activity  of  fallout  samples 
from  event  Small  Boy  was  made.  The  results  Indicate  that, 
over  the  fallout  region  sampled,  the  fractionation  of  radio¬ 
nuclides  was  such  that  only  ~30^  of  the  gamma  Ionization 
strength  per  refractory  fission  of  unfractionated  fission 
products  was  exhibited.  The  combined  effects  of  Instrument 
response  characteristics  and  terrain  roughness  were  seen  to 
further  depress  expected  exposure  rates  at  1  hour  after  burst 
by  an  average  factor  of  0.72. 
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INTRODUCTION 


The  reletlonehlp  between  the  radiation  Intennltlea  obaerved  In  a 
fallout  pattern  and  the  amount  of  radioactivity  deposited  In  the  pattern 
has  been  studied  for  many  years.  The  factor  la  of  particular  Impor¬ 
tance  In  attempting  to  evaluate  the  amount  of  radioactivity  available 
for  worldwide  fallout,  since  the  most  common  method  employed  relies  on 
a  subtraction  of  the  amount  In  the  local  fallout  from  the  theoretical 
total  produced.  In  addition  to  this  purpose,  Interpretation  and  cor¬ 
relation  of  radiation  Intensity  and  sample  radioactivity  at  Individual 
sampling  locations  requires  some  attention  to  the  fundamentals  of  nu¬ 
clear  radiations  and  radiation  sources. 

The  problem  of  relating  fallout  intensity  to  sample  activity  in 
general  Is  complicated  by  several  major  factors:  fractionation  of 
radionuclides;  the  occurrence  of  non-flsslon  product  activities;  the 
non-ideal  response  of  gamma  survey  meters;  and  the  departure  of  real 
terrain  surfaces  from  the  Ideal  mathematical  plane.  01  these,  fraction¬ 
ation  undoubtedly  cauces  the  greatest  amount  of  confusion,  especially 
when  reference  Is  made  to  "fraction  of  the  device."  Since  each  radio- 
element  condenses  to  a  different  extent  In  the  soll/weapon  matrix 
particles,  it  Is  evident  that  a  different  fraction  of  each  becomes  as¬ 
sociated  with  the  fallout  particles.  Hence  the  term  "fraction  of  device" 
Is  meaningless  In  the  absence  of  a  definition  of  "fraction." 

In  principle,  radiochemical  analysis  of  fallout  samples  could  be 
made  for  any  nuclide  desired  and,  If  enough  samples  were  taken,  the  de¬ 
posit  density  could  be  integrated  over  the  fallout  pattern  to  yield  a 
precise  fraction  of  that  nuclide  present.  However,  this  procedure  would 
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flhert  no  light  on  th«  r/hr  rolntion,  in  tha  abnanca  of  information  on 
the  relative  abundances  of  all  the  other  gamma-emlttlng  nuclides  present 
In  the  sample. 

An  alternative  approach,  If  Induced  activities  are  not  present  in 
significant  amounts,  Is  to  determine  the  fission  density  at  a  location 
by  radiochemical  analysis  on  one  or  more  refractory  fission  product  nu¬ 
clides  (or  fission  Indicator,  If  available).  The  radiation  intensity 
at  the  point  Is  measured  (conventionally  at  3  feet  above  the  ground)  and, 
making  due  allowance  for  terrain  shielding  and  Instrument  response,  the 
measured  Intensity  Is  compared  with  the  theoretical  Intensity  expected 
from  the  indicated  fission  density  and  unfractionated  fission  products 
on  an  Infinite  plane.  The  ratio  obtained  Is  a  direct  measure  of  the 
gross  lonlaation  fractionation,  or  fractionation  number. 

The  fractionation  number  obtained  directly  from  the  measurements 
applies  only  to  the  time  of  measurement,  but  If  an  Ionization  decay 
rate  is  measured,  then  the  fractionation  number  can  also  be  determined 
as  a  function  of  time  after  detonation.  The  most  satisfactory  data 
would  Include  radiochemical  analyses  for  all  the  Important  nuclides, 
which  would  then  allow  computation  of  gamma  decay  rates  in  the  field 
or  In  laboratory  counters  as  desired. 

The  presence  of  Induced  products,  originating  In  the  device  and  Its 
surroundings  upon  detonation,  is  not  readily  detected  and  the  relative 
abundances  cannot  be  determined  without  fairly  complete  radiochemistry 
on  a  variety  of  samples.  In  the  past,  this  Information  was  not  usually 
available,  so  that  the  fractionation  behavior  of  Induced  products  could 
not  be  l<;tegrated,  with  the  possible  exception  of  a  few  uranium -derived 
products,  especially  Np-239.  A  current  study  at  Stanford  Research  Insti¬ 
tute  however  does  Include  the  capability  of  estimating  for  surface 
bursts  the  production  and  fractionation  (with  particle-size)  of  Induced 
products  from  a  variety  of  weapon/soil  cnnblnations . 
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The  objective  of  Ihie  paper  Is  to  prosont  an  analysis  of  the  lop- 
laatlon  Intensity — sample  activity  relations  resulting  from  shot  Small 
Boy,  which  took  place  at  the  Nevada  Test  Site.  The  principles  men¬ 
tioned  above  are  applied  and  the  gross  fractionation  numbers,  terrain 
factors  and  Instrument  response  factors  are  derived.  The  analysis 
closely  parallels  one  previously  presented^^^  but  differs  in  that  more 
refined  values  of  the  Input  data  were  derived. 

THEORY 

It  is  generally  known  that  the  intensity-activity  ratio  can  be 
defined  for  the  intensity  as  observed  at  a  given  location  or,  as  an 
average,  for  the  whole  fallout  area.  In  the  latter  form,  the  ratio 
is  sometimes  called  the  intensity-area  integral  per  unit  fission 
yield.  It  is  convenient  in  data  analyses  to  express  the  surface  den¬ 
sity  of  the  radioactivity  in  fissions  per  square  foot  rather  than 
kilotons  per  square  mile.  Both  representations  of  the  surface  density 
of  radioactivity  are  Independent  of  time  after  detonation.  And,  since 
the  relation  between  the  number  of  fissions  and  the  energy  released  in 
fission  is  about  the  same  for  most  common  fissile  materials,  namely 
(1.45  ±  0.03)  X  10^^  fissions  per  kiloton  of  fission  yield,  the  two 
representations  of  the  surface  density  of  radioactivity  are  related  by 

=  5.20  X  10^®  A^  (1) 

where  A^  is  in  fissions/sq  ft  and  A^  is  In  Kf/sq  mi. 

The  intensity-activity  ratio  for  a  given  location  In  a  fallout 
region  is  defined  by 

K  =  I  /A.  (2) 

o  f 

where  I  is  the  standard  Intensity,  which  is  the  Intensity  at  1  hr  at 
a  height  of  3  feet  above  the  ground,  obtained  from  instru¬ 
ment  readings  on  the  completely  deposited  fallout,  decay- 
corrected  to  1  hr. 


A  Is  the  fission  density  per  square  foot,  based  on  refractory 
fission  product  analysis. 

The  Ideal  norma 11 sat ion  factor,  that  Is,  the  calculated  value  of 
the  1-hr  Intensity  3  feet  above  an  Infinite  plane  uniformly  contami¬ 
nated  with  unfractionated  fission  products  of  unit  surface  density 
(fiss/ft"  or  KT/ml^),  may  be  computed.  However,  the  calculated  values 

of  K  from  observed  values  of  I  over  real  terrain  for  a  given  value  of 
0  8 

(or  A^)  are  lower  than  those  computed  for  the  Ideal  plane  due  to  at¬ 
tenuation  of  the  gamma  ray  Intensity  by  both  small-  and  large-scale 
roughness  of  real  terrain,  to  non-ldealized  responses  of  radlac  Instru¬ 
ments  used  in  measuring  the  intensity,  and  to  decreased  contributions 
from  the  more  volatile  fission-product  radionuclides  whose  relative 
concentrations  In  the  fallout  are  decreased  (l.e.,  the  radioactive 
composition  Is  altered  or  fractlonu';ed) .  The  values  of  relative 
to  those  for  the  fission  products,  are  Increased  by  the  production  of 
Induced  radionuclides  (usually  through  neutron  capture)  In  both  weapon 
components  and  nearby  environmental  materials.  The  representation  of 
K^,  Including  consideration  of  the  above  four  factors,  Is  given  by 


(3) 


In  which  D  Is  the  detector  response  factor  for  the  assumed  detector- 
radiation  source  geometry 


q  Is  the  terrain  attenuation  factor 


r-  imd  r^  are  the  gross  fractionation  numbers  for  the  fission 
and  Induced  products,  respectively 

r/hr 

k.  and  k.  are  the  Ideal  normalization  values  of  — — - -  for 

fP  i  flss/ft* 

fission  and  induced  products,  respectively,  as  computed 
for  unfractionated  fission  products  of  uniform  surface 
density  on  an  infinite  plane. 

These  quantities  may  be  defined  mathematically  as  shown  below. 

It  should  be  noted  that  the  geometry  assumed  is  a  detector  3  feet  above 
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•  anurce  uniformly  distributed  on  real  terrain  or  on  a  mathematical  plane, 
aa  indicated,  and  that  the  Intensity  ratios  are  tor  tlie  snmc  tl<n»  after 
fission. 

The  detector  response  factor  is  defined  by 

D  -  1^/1^  (4) 

where  I  la  the  Intensity  Indicated  on  the  meter,  and  I  is  the  inten- 
I  0 

Blty  to  which  the  meter  is  exposed.*  D  Is  therefore  a  ratio  of  two 
intensities  which  differ  only  because  of  non-ideal  response  of  the  de¬ 
tector.  The  usual  causes  of  non-ideality  are  non-uniform  directional 
response,  due  to  self-  and  operator-shielding;  non-linear  energy  re¬ 
sponse  characteristics  to  gamma  rays  of  different  energies;  and  the 
relation  of  these  to  the  manner  in  which  the  instrument  is  calibrated 
with  a  poit.t  source  of  radiation. 

The  terrain  attenuation  factor  is  defined  by 

I(x,t)  /.V 

q  ,  (5) 

where  the  parameter  x  represents  any  kind  of  fission  and  induced  product 
mixture,  fractionated  or  not,  t  denotes  (real)  terrain,  and  p  indicates 
a  mathematical  plane.  Thus,  q  is  the  ratio  of  two  intensities  which 
differ  only  because  of  the  terrain  characteristics  upon  which  the  source 
Is  distributed. 


*D  has  been  calculated  for  the  TIB  survey  meter  as  D  a  (u,p)/l(n,p) 
where  Ij  (u,p)  is  the  calculated  reading  a  TIB  instrument  would  Imlicatti 
when  exposed  at  a  height  of  3  feet  to  the  unfractlonatod  products  of 
U-235  thermal  fission  distributed  on  a  plane;  I  is  the  calculated  true 
intensity  under  the  same  conditions. 
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The  fractionation  number  is  defined  by 


r 


_  t(f  ,a) 
fp  “  iTuTsT 


(6) 


where  the  parameter  f  denotea  fractionated  fission  products,  u  denotes 
unfractionated  fission  products,  and  s  denotes  any  kind  of  planar  sur¬ 
face,  rough  or  mathematically  smooth.  Hence,  r^^  is  the  ratio  of  two 
intensities  which  differ  only  because  of  fractionation  among  the  fission 
products,  r^  Is  analogous  to  r^^  except  that  It  refers  to  the  summation 

of  the  Induced  products.  Expressed  another  way,  r.  reflects  the  ef- 

fp 

fects  of  fractionation  among  the  gamma-emltting  nuclides,  or  "ionization 
power"  of  the  fractionated  mixture  relative  to  an  unfractionated  set  of 
fission  products.  Pure  beta  emitters  then,  such  as  Sr-90,  do  not  affect 
r  one  way  or  the  other. 


Finally,  the  Ideal  normalization  value  Is  defined  by 


k  =  I 
fp  A, 


(7) 


where  u,  p,  and  are  as  defined  previously. 

If  it  Is  accepted  that  the  radionuclide  composition  varies  with  the 
size  of  the  fallout  particles,  the  major  factors  In  equation  3  that  are 
dependent  on  particle  diameter  are  and  r^.  In  more  precise  treat¬ 
ments,  D  and  q  also  depend  on  the  radionuclide  composition  because  both 
of  these  parameters  are  functions  of  gamma  energy  which  In  turn  depends 
on  the  relative  abundance  of  the  radionuclides  In  the  fallout.  It  fol¬ 
lows  that  each  induced  product  also  should  be  multiplied  by  its  appro¬ 
priate  Dq  rather  than  by  an  overall  Dq  value  for  the  total  assemblage 
of  nuclides.  So  precise  a  treatment  is  not  possible  without  a  large 
amount  of  additional  information. 


Now,  If  Induced  products  are  of  negligible  importance,  as  was  the 
case  for  the  Small  Boy  fallout,  equation  3  with  rearrangement  reduces  to 
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or  using  equation  2,  to  the  equivalent, 


Dq 


r.  k-  A, 
fP  fp  1 


(9) 


This  equation  may  be  evaluated  by  means  of  activity  measurements 
on  collected  fallout  samples*  The  computed  response  of  the  USNROL  4n 
gamma  Ionization  chamber,  In  ma/flss,  is  closely  proportional  to 

from  ~1  hr  onward,  for  U-235  thermal  fission  products,  as  shown  In 
Reference  2.  Confidence  In  this  calculated  proportionality  Is  sup¬ 
ported  by  the  excellent  agreement  Mackln  has  obtained  between  calcu-i 

lated  and  observed  decay  rates  for  unfractionated  U-235  thermal  fission 

(3) 

products  In  this  Instrument. 

The  quantity  k^p  Itself  Is  not  easily  checked  experimentally ;  how¬ 
ever,  the  Ion  chamber  results  indicate  that  any  error  In  k.  must  occur 

fp 

primarily  In  the  conversion  of  flux  to  dose  rate  at  3  feet.  The  con¬ 
version  used  in  Reference  2  Is  based  on  the  Gates  and  Elsenhauer  results 

(4)  , 

as  interpreted  by  Miller,  which  are  possibly  accurate  within  ~  ±l(#, 

although  no  definite  value  can  be  assigned  to  this  uncertainty. 


Making  the  assumption  that  the  Ion  chamber  response  Is  proportional 
to  k^p  for  all  f Issile-nucllde  products,  and,  further,  that  the  propor¬ 
tionality  extends  to  fractionated  products  as  well,  then  we  may  write 


1  s 
o 


const 


Kf.p) 


I(u,p) 
const  . - 


1 

c 


=  const 


I  (u,p) 


(10) 


and 


(11) 


where  1  Is  the  observed  ma/£lss  for  a  sample  of  fallout i  and  i  is  the 
o  c 

calculated  value  of  the  ratio  fur  unfractionated  products.  Olvldlns 
equation  10  by  equation  11  results  in 

1/1  =  r 


fp 


(12) 


which  is  to  say  the  gross  fractionation  number  for  the  fission  products 

may  be  evaluated  at  any  time  desl  ^-d  simply  by  comparing  the  observed 

ma/fls£  of  a  fallout  sample  to  the  calculated  ma/flss  at  that  time. 

Substituting  this  result  and  the  definition  of  k.  from  equation  7  Into 

iP 

equation  9  results  In 


I  /A  A 

r.  S  f  O 

"  Kulpi/A^l^ 


(13) 


Convenient  units  for  A.l  and  A.l  are  fiss/ft®  x  ma/flss  =  ma/ft*  so 

10  I  c 

r/ht  r/hr 

that  Dq  is  simply  the  ratio  of  observed,  to  >  computed. 


Equation  13  Is  particularly  convenient  to  use  with  field  data  since  it 

allows  determination  of  Dq  without  the  necessity  of  a  fission  analysis 

of  the  sample.  Once  Dq  Is  evaluated,  equation  8  may  be  used  to  solve 

for  r^  . 

fp 


Other  parameters  relevant  to  the  analysis  include  the  variation 

of  i  and  r^  with  fallout  particle  size.  Knowledge  of  the  latter 
o  fp 

permits  estimation  of  r^^  for  a  sample  for  which  the  size  distribution 
alone  is  known. 


TREATMENT  OF  THE  DATA 

Five  kinds  of  measurements  made  in  the  fallout  field  and  on 

fallout  samples  are  necessary  to  this  analysis;  activity  In  the  low- 

geometry  scintillation  counters,  which  were  capable  of  accepting  the 

(5  0\ 

unopened  collector  containing  the  entire  fallout  sample;  '  ionization 
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current  In  the  4>r  ion  chamber  on  samplea  that  wen'  recoverert  from  the 
collectora;^  '  radiochemical  fission  analysis;^  '  and  radiation  intensity 

meaaurementa  In  the  fallout  field  at  the  locations  from  which  the  fall- 

*  ,  ^  ,  (5,7,8) 

out  samples  were  taken. 

Sample  Activity  Relations 

The  results  of  the  activity  and  fission  analyses  on  samples  re¬ 
covered  from  the  fallout  collectors  are  shown  In  Table  1.  Also  in¬ 
cluded  in  the  table  is  an  examination  of  the  consistency  of  the 

activities  obtained,  ,  and  the  ratios  of  these  activities  to  the 

ma 

number  of  equivalent  fissions  in  the  samples.  The  corrections  involved 
in  calculating  the  activities  listed  in  Table  1  are  as  follows: 


Counter 

Location,  Use 

Factor 

CH-2 

to  Floor  of 
and  CH-3 

CH-1 

NTS,  Project  2.9  off -site  collections 

0.578^®^ 

CH-2,3 

NTS,  Project  2.9  on-site  collections 

Avg.  from 
Samples 

1 

Cs-137 

Std^®^ 

CH-4 

NRDL,  Project  2.10  Shelf  11 

0.0314 

0.0214 

Shelf  10 

0.0908 

0.0740 

Shelf  9 

0.388 

0.238 

The  average  values  of  the  shelf  ratios  for  counter  CH-4  to  the 
floor  of  the  reference  counters  were  not  used  in  the  analysis  except 
to  verify  proportionality  to  earlier  counts  obtained  in  counter  CH-1. 
The  ion  chambers  at  NTS  and  NRDL  were  normalized  to  a  standard  response 
of  560  X  10~^  ma  to  a  105pg  Radium  Standard.  A  small  residual  dis¬ 
crepancy  between  the  chambers,  based  on  fallout  sample  counts  in  both 
chambers,  was  removed  by  multiplying  the  NRDL  ion  currents  by  0.925. 

The  fission  values  reported  in  Reference  6  were  derived  from 
measurements  made  by  Hazelton-Nuclear  Science  (H),  Tracer lab,  Western 
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Tablo  1 


Activity  Relationship*  for  Recovered  Fallout  Samples 


Table  1 


Activity  Relatlonahlpa  for  Recovered  Fallout  SampleB 


(Continued) 


italiun 

Numtvr 

!lBrn|ilv 

ijil! 

71=* 

IMa...'* 

H 

■‘S’"”'' 

^ « lit*''’ 
(lai- 

IU1.I 

At) 

1 

l-UI 

IM..6 

l-UM 

14N 

l.3lb 

l.lll 

All 

-J 

1/4 

IA7-A 

i-lOfl 

Ua 

1.  |76 

1  OM 

All 

*.1 

17a 

(I6») 

1. 113 

IIAU) 

:  - 1  >9 

1000 

Ati 

-« 

144 

1167) 

1  102 

MA 

AO 

-t 

<70 

I;1V 

t  lia 

137 

1-341 

MOO 

AO 

B 

lAI 

174 

0.  a67n 

16U 

O.M.ia 

1  -ONK 

W7 

AO 

-H 

10.74 

It. 4/ 

U.  0363 

10. b 

.i,ri‘-N7 

0. 6unii 

Tthi 

Ati 

h 

t>.  I«i»» 

- 

fl  100 

fl..A7a4 

7gi 

AO 

-a 

0.  i;iT& 

* 

0.904 

0-4613 

7u;i 

AO 

-i 

(IH  a?) 

16.60 

l.oaa 

36.3 

0  0414 

0. 6Htl4 

704 

AO 

•a 

v-ouaft 

- 

0  Oai) 

i.2:i» 

Tllf. 

AIM*' 

Va.Ui 

34.  74 

0.  H32 

J(I7 

AO 

-.1 

Tl.fi 

71  « 

1.013 

6B  ti 

1  920 

1-314 

At 

'C 

■.1.U 

• 

64  :i 

t..ioo 

At> 

•9 

■J.7 

m>.86 

1.049 

04.4 

1-903 

1.334 

»|.l 

lyiC 

■.l»V7 

V.06 

O.OB30 

e  006 

1.4oa 

■14 

JM. 

III) 

F  :i6t> 

- 

».u 

1.026 

■  ir. 

la- 

1011 

a.OJl 

.11. ««)'- 

• 

• 

S.3H 

0.6776 

^Kl 

la- 

Dll 

a.r.]7 

(4.637)1* 

. 

7.04 

1.313 

27- 

til 

2-Ut2 

(ri.30a) 

0. 100 

2D.  13 

27’ 

2h 

0.2113 

. 

♦ 

0,00030 

}7- 

211 

3.4S.1 

13.4«4»J; 

• 

• 

l.ae 

1 .  .700 

27’ 

:i|t 

3-604 

13  -  ««»  I, 

3.39 

l.lDa 

27 

411 

U.  74«a 

III.  TIBliJ. 

ti.  1)0 

11.404 

:\r. 

ITh 

|0.3n!l7) 

- 

0.273 

1.140 

•1-1- 

Ull 

II  A7a0 

|0.3;W/) 

0.  370 

1 .  .72A 

Si- 

IBlt 

I  tno 

(i-saaK 

• 

• 

0.366 

J.  6U 

.lA- 

20H 

1114 

10.M83);; 

- 

v.ail 

1.274 

ntt 

nil 

0.4774 

10.8604)^ 

0.  216 

3.220 

bit 

lilt 

0-6196 

(O.OMtDr 

• 

0.173 

2.  MO 

66 

1411 

0.3033 

(0.:i3J5)" 

- 

• 

0.  iaS6 

1.637 

AVR  i-ei* 


NiUt'H  tu  lilbU* 

All  Avllvtiy  an-  fur  biaira  atlrr  bural;  (Mlnwvt-d  valwa  srf  ahiMn  In  parenthrara 

a  liriRlnHl  C'H  and  till  ntrHaurvmcnla  wvr**  un  entire  ccalanU  lA  trayi  Reaiiluii  activity  in  tray  ban  taean  aultractMl 
off  In  thiu  table  («■  iililatn  activity  uf  rm'eve/i\l  eampla 
h  t:aiimaU-d  Irum  late  tiainia  un  OH  cugaler  (#4)  at  NRDL 
c  At)-1,  K,  :i.  4,  «,  7,  9. 


Division  (T),  unci  Nuclonr  flcionco  anrt  RnBlneonlng  (V).  The  following 
adjustment  factors  were  applied  to  the  reported  fission  values: 


Nuclide 

(H) 

(T) 

(N) 

Zr-95 

1.307 

1.14C 

0.9434 

Mo -9  9 

1.464 

1.0 

- 

Cc-144 

0.9761 

0.9174 

- 

The  factors  shovm  for  the  contracting  laboratories  were  obtained 

C9) 

from  a  detailed  examination'  of  the  reported  fission  values;  the  fac¬ 
tors  shown  convert  the  reported  number  of  fissions  for  each  laboratory- 
nuclide  combination  to  equivalent  fissions  of  Mo-99  as  determined  by 
Tracer lab,  whose  results  were  Judged  to  be  the  most  consistent  and 
reliable.  This  Judgement  was  based  primarily  on  the  finding  that  the 
variation  in  the  ratio,  ma/flss  at  100  hours,  for  each  of  eight  fallout 
particle  sizes,  was  least  for  the  Tracerlab  Mo-99  fission  assays. 

It  may  be  soon  in  Table  1  that  the  counting  was  remarkably  good, 
as  evidenced  by  the  generally  steady  values  in  the  (c/m)/ma  ratios; 
in  these  cases,  therefore,  when  erratic  values  of  either  (c/m)/fiss  or 
ma/ftss  appear,  it  is  clear  that  the  fission  analysis  is  in  error. 

When  (c/m)/ma  is  not  available,  it  is  not  possible  to  determine  whether 
the  fission  or  the  counting  results  are  at  fault. 

The  primary  result  of  interest  from  Table  1  is  the  ma/flss  values 
on  the  recovered  samples.  Before  these  values  can  be  used  in  conjunc¬ 
tion  with  the  r/hr  intensities  observed  at  the  collection  station, 
however,  it  is  necessary  to  derive  the  best  value  of  the  ma/ft*  for  the 
station,  whioh  when  divided  by  the  sample  ma/fiss,  produces  the  best 
value  of  fiss/ft®*  for  the  station.  Two  factors  are  involved  in  the 
correction  of  sample  values  to  station  values;  one  is  the  recovery  loss 
in  removing  the  sample  from  the  collector  for  analysis,  and  the  other 
is  the  relation  of  the  size  of  the  sample  analyzed  to  the  average 
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outaluau  xui-  all  uX  tii«  collectors  exposed  at  the  station.  The  latter 
correctloni  of  course,  Is  not  passible  for  the  stations  at  which  multi¬ 
ple  collectors  were  not  exposed.  A  final  correction  Is  for  radioactive 
decay  to  the  1-hour  values,  the  time  at  which  comparison  Is  desired 
with  the  standard  Intensities. 

Average  Station  Values.  Table  2  lists  the  average  fraction  of 
sample  recovered  from  the  different  kinds  of  collectors  used,  which 
are  described  In  detail  In  Reference  5.  The  values  arr  based  on  CH 
activities  obtained  on  the  collectors  before  and  after  removing  the 
fallout  sample.  In  the  case  of  the  OC  collectors,  the  fraction  Is 
based  on  the  CH  activity  of  the  fallout  recovered  from  the  granules, 
divided  by  the  sum  total  activity  of  the  processed  samples.  The  lat¬ 
ter  value  was  variously  somewhat  mure  or  less  than  the  total  before 
processing.  The  recovered  fractions  are  plotted  in  Figure  1  versus 
r/hr  @  1  hour  at  the  station,  which  was  convenient  to  use  as  a  rough 
indicator  of  sample  size.  The  curve  shown  was  used  to  estimate  the 
recovery  fraction  for  a  few  samples  for  which  the  fraction  was 
unmeasured . 

The  average  ma/ft‘  for  each  station  was  computed,  using  all  avail¬ 
able  ion  chamber  measurements.  When  only  a  single  readlr  i  vv...f  ir  s liable 
from  a  station,'**'  adjustment  to  the  station  average  was  i  i  lo  CH 

counter  assays  reported  In  Reference  4.  When  these  were  ml:..  no 
adjustment  was  possible.  The  resulting  values  are  combined  in  Table  3 
with  the  ma/flss  values  previously  obtained  to  produce  the  best  esti¬ 
mate  of  the  equivalent  Mo-99  fiss/ft^  deposited  at  the  stations.  It 
should  be  noted  that  the  activities  are  evaluated  at  100  hrs  after 
burst,  so  that  in  order  to  compare  these  values  with  the  standard  Inten¬ 
sity  (1  hr  after  burst)  a  correction  for  decay  to  1  hour  is  necessary. 


^^ese  case.s  include  collector  AO-9  from  stations  300  303,  407,  601, 

and  7C3. 
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Table  3 


Activity  Relatlonahlpe 


for  Fallout  Collection  Station! 
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Decay  Correctlpna.  In  Reference  S,  Ion  chamber  meaBurementa  were 
corrected  to  100  houra  by  meana  of  a  alngle  composite  decay  curve  de¬ 
termined  from  measurements  on  many  samples.  There  were  differences , 
of  coursoi  from  sample  to  sample  because  the  particle  size  distribu¬ 
tion  varied  and,  as  is  now  quantitatively  known,  the  radiochemical 
fractionation  varied  with  particle  size.  Figure  a,  take  from  Refer¬ 
ence  9,  shows  the  variation  In  ma/flss,  at  100  hours,  when  plotted 
against  the  average  particle  size  retained  on  the  sieves  used  In  the 
separation.  The  variation  with  the  average  particle  size  for  the 
entire  fallout  deposit  at  a  station  was  not  so  pronounced  because  of 
the  spectrum  of  sizes  generally  present  In  a  collection. 

Although  it  would  be  possible  to  use  available  ion  chamber  decay 
curves  uniquely  associated  with  some  stations,  many  stations  would  be 
excluded  through  lack  of  these  data  and,  In  any  event,  none  of  the 
measured  decay  curves  extends  back  as  early  as  1  hour.  Hence  In  this 
treatment ,  the  composite  decay  curve  of  Reference  5  has  been  used  to 
correct  ion  chamber  activities  to  100  hours;  further  correction  to 
1  hour  was  possible  only  because  of  the  fortuitous  close  similarity 
in  decay  rates  exhibited  between  the  composite  curve  and  that  ob¬ 
served  by  Miller  at  Operation  Plumbbob,  from  Shot  Ol.ablo.  The  Small 

Boy  composite  decay  curve,  and  that  observed  for  sample  DS-1  which 
was  the  earliest  obtained  from  Small  Boy,  have  been  normalized  to 
Miller's*  curve  for  comparison  In  Figure  3.  The  decay  correction 
factor  for  the  ion  chamber  from  100  hours  to  1  hour  for  Small  Boy 
fallout  samples  Is  therefore  taken  as  350/1.45  =  841.4. 

The  ma/flss  for  the  unfractionated  products  resulting  from  fission- 
spectrum  neutrons  on  Pu-239  Is  calculated  to  be  9.50  x  10'^^  ma/fiss 
@  1  hour.  In  this  calculation,  the  chain  yields  were  taken  from 
Reference  11  and  applied  as  cori-ection  factors  on  the  U-235  thermal 


*As  slightly  refined  for  inclusion  in  a  report  currently  in  preparation. 
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/ 12 ) 

neutron  yields  calculated  by  Bolles  and  Ballou;  Reference  2  provided 
the  roaponae  of  the  ion  chamber  to  Individual  fission  products.  For 
the  same  conditions,  the  calculated  value  of  the  denominator  of  equa¬ 
tion  13  is 

9.50  X  10“**  ma/fisa  @  1  hour. 

Standard  Intenaitlos.  The  results  of  the  fallout  intensity  sur¬ 
veys  for  those  stations  at  which  me /ft*  or  flss/ft*  data  were  measured 
arc  summarized  in  Table  4.  The  instruments  used  are  Indicated  in  the 
column  headings .  All  arc  portable  survey  Instruments  with  the  ex¬ 
ception  of  the  NRDL  OITR  (Gamma-Intensity-Time  Recorder)  which  is  a 
continuously-recording  instrument  that  was  emplaced  and  started  before 
zero  time.  The  time  (in  hours  after  burst)  at  which  the  survey  read¬ 
ings  were  made  is  noted  in  parentheses  following  the  entries.  The 
laboratory  abbreviations  Indicated  under  Station  Number  have  the 

following  significance:  NRDL  refers  to  the  on-site  station  number 
(5) 

of  Pro.ject  2.9;  UCLA,  to  the  off-site  stations  of  the  same  project, 
handled  by  UCLA;^  and  NDL  refers  to  the  Project  2.8  station  numbers, 

In  two  cases  on  the  UCIA  27-mlle  <trc,  the  NDL  and  UClA  station  loca¬ 
tions  did  not  coincide;  hence  B-126/127,  for  example,  means  "between 
stations  126  and  127."  Fortunately  at  this  distance  the  intensity 
gradients  are  so  small  that  little  error  is  introduced  by  this  ap¬ 
proximation  . 

The  1-hour  values  entered  in  Table  4  are  those  reported  in  the 
source  literature,  in  which  decay  constants  ranged  from  t"^*  to 


♦Which  corresponds  Identically  to  3400  (r/hr)/(KT/ml®)  reported  in 
Reference  13 . 

tpor  purposes  of  correlation,  the  Indian  Springs  Valley  sampling  stations 
(800  and  18-  series)  were  shared  in  common. 
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For  aoiM  of  the  more  distant  stations  l-hour  values  were  not  computed 
by  the  investigators;  in  these  cases  an  arbitrary  decay  function  of 
t~>.*a  applied,*  There  is  no  particular  Justification  for  this 
value,  and  in  fact,  it  is  fairly  certain  that  some  of  the  large  dis¬ 
crepancies  In  the  table  arise  from  a  general  lack  of  knowledge  of  the 
proper  decay  corrections. 

Another  source  of  error,  particularly  for  the  hlgh-lntenslty 

stations  on  the  smooth  lake-bed  terrain,  is  the  fact  that  the  deposited 

fallout  was  continually  being  blown  about  and  redistributed  by  winds. 

In  such  cases,  surveys  at  late  times  cannot  reconstruct  the  intonsltles 

as  of  1  hour  reliability,  hence  the  OITR  values  were  usually  preferred. 

It  should  be  pointed  out,  however,  that  some  uncertainty  is  also  present 

in  the  OITR  readings  since  the  calculated  contribution  of  transit  radl- 

(8) 

ation  (subtracted  from  the  indicated  1-hour  value)  reported  was  based 
on  an  Imperfectly-known  decay  curve. 

Aside  from  these  sources  of  error,  It  was  also  noted  that  simul¬ 
taneous  readings  with  the  39A  (TIB)  and  27J  jnstruments  would  sometimes 
differ  by  a  factor  of  2,  which  Indicates  the  extent  to  which  calibration 
procedure,  Instrument  response,  and  operator  technique  can  affect  the 
readings.  The  last  column  of  Table  4  lists  the  mean  value  of  the  stand¬ 
ard  intensity,  which  is  an  arithmetic  moan  of  the  values  reported,  un¬ 
less  otherwise  noted. 

Results  of  the  Measurements 

The  measurements  reported  above  are  combined  In  Table  5.  The 

standard  intensities,  I  ,  are  from  Table  4;  the  station  average  ma/ft'* 

8 

is  from  Table  3,  corrected  to  1  hour  after  burst  by  the  factor  241.4 


*This  factor  was  also  used  to  correct  the  project  2.9  off-site  surveys 
which  were  reported  in  terms  of  mr/hr  at  12  hours. 
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Terrain-Instrument  Response  Factor  and  Gross  Fractionation 
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(see  Decay  Correctloua) ;  and  ColUinn  3,  which  la  the  numerator  ol  equation 
13,  Is  the  ratio  of  Column  1  to  Column  2.  Referring  again  to  equation 
13,  Dq  la  obtained  by  dividing  the  values  In  Column  3  by  l(u,p)/(ma/f t*} , 
which  was  evaluated  previously  as  0.6RS2  x  io‘  (r/hr}/(nia/ft*)  at  1  hour. 

Column  5,  flss/ft^,  la  taken  from  Table  3;  from  equation  2  Is  the 
ratio  of  Columns  1  to  S;  and,  with  Dq  evaluated,  r  In  Column  7  Is  ob- 

(5) 

talned  from  equation  8,  rearranged.  The  terrain  type  where  known  is 

also  listed  In  Table  5,  as  well  as  the  activity-median  particle  size 

of  the  fallout  samples.  The  terrain  types  are  described  in  Table  6. 

Notice  that  r^  may  also  bo  obtained  from  equation  12  by  the  ratio  of 
ip 

Column  2  to  Column  3  (ma/flss,  observed)  divided  by  ma/flss  for  un- 
fractlonated  90-239  fission  products,  evaluated  previously  as  9.50  x 
10"^®  ma/flss  at  1  hour. 

It  Is  evident  that  there  Is  a  good  deal  of  fluctuation  In  the 

values  of  Dq  and  In  order  to  sort  out  Che  most  reliable  values, 

a  review  of  the  inputs  to  Dq  (ina/ft®,  i/br  and  station  average)  and 

r.  (ma/ft®  and  flss/ft®)  was  made.  The  ma/ft®  values  were  checked  as 
fp 

reliable  if  the  ratio  (c/m)/ma  was  close  to  1  x  10^^  Tsee  Table  l)  or 

if  there  were  replicate  samples;  flss/f C®  values  were  accepted  if  the 

ratios,  raa/fiss  or  (c/m)/fiss,  were  near  10”*°  and  10"°,  respectively, 

or  If  replicate  fission  analyses  were  available  and  wt.re  in  reasonable 

agreement;  r/hr  averages  were  accepted  if  there  was  less  than  a  factor 

of  2  among  the  readings;  and  the  stations  for  which  recovery  losses 

were  estimated  were  excluded.  Table  7  recapitulates  the  surviving 

values  of  Dq  and  r.  ,  l.e.,  these  that  merited  a  "chock  rating"  on 
ip 

their  appropriate  Inputs . 
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Table  6 


Station  Terrain  Characterlatloa 


Type  1.  Dry  lake  bed  of  Frenchman  Flat.  Flat  and  smooth 
with  no  vegetation.  Very  dusty  when  wind  was 
blowing  or  vehicular  trafflo  nearby.  Stations  at 
~  same  elevation  as  ground  zero. 

Type  2.  Near  dry  lake  bed  on  flat,  sandy  terrain.  Low 

growing  sagebrush  sparsely  distributed  around  sta¬ 
tions.  Elevation  ranged  up  to  77  feet  above 
ground  zero. 

Type  3.  The  ground  surface  was  covered  with  small  rocks 
and  a  crust  of  soil.  As  long  as  the  crust  was 
not  disturbed  there  was  no  dust  except  from  traf¬ 
fic  on  roads.  Vegetation  heavier  than  Type  2, 
and  Joshua  trees  from  6  to  8  feet  high  present. 
Elevation  ranged  from  30  to  230  feet  above  ground 
zero. 

Type  4.  Rough  and  rocky.  Heavy  vegetation  consisting  of 
sagebrush  and  cactus.  Very  little  dust  generated 
by  winds.  Elevations  ranged  from  280  to  1,480 
feet  above  ground  zero. 


The  value  of  Dq  for  station  300  is  seen  to  exceed  unity.  This  Is 
unlikely  physically,  since  D  for  most  survey  Instruments  Is  <1,  and  q 
for  "plane-like"  real  terrain  Is  always  <1,  Of  course,  the  station  ter 
rain  did  not  always  resemble  a  plane,  and  in  some  Instances  was  decided 
ly  mountainous  and  rolling,  but  this  was  not  the  case  for  station  300. 
Hence,  In  view  of  the  apparent  quality  of  the  Input  data,  this  value 
is  not  explainable  at  the  present  time. 

The  average  variation  of  Dq  with  terrain  type  Is  as  follows: 
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Table  7 

Beet  Values  of  Terraln-Inatrufflent  Responae  Factor  and  Oroes 
Fractionation  Number  at  1  Hour  After  Buret 


.Pa..,.. 

0.79S 


Mo.  of 
Stattona 


ISSS. 


1 

2 

3 

4 


0.760 

0.683 


1 

0 

8 

10 


Thaae  reaults  are  In  reasonable  agreement  with  previous  estimates 
of  the  terrain  factor,  although  In  the  present  case  It  Is  difficult  to 
separate  out  D,  since  In  many  cases  the  standard  intensity  used  was 
based  on  readings  made  with  several  different  Instruments.* 

The  average  value  of  Dq  lor  the  100-800  series  of  stations,  shown 
In  Table  7,  Is  Dq  ■  0.721,  so  that 

X  «  Dq  r,„  »  0.721  x  3400  (r/hr)/(KT/ml®)r-  =  2480  r,„  (14) 

o  fp  Ip  fp  fp 

The  variation  of  r^^  with  the  activity-median  particle  size  of  the 

fallout  samples  Is  shown  in  Figure  4.  The  curve  may  be  compared  with 

that  In  Figure  2,  which  It  follows  approximately,  although  the  data  of 

Figure  4  are  Inherently  less  precise,  since  the  median  alone  does  not 

specify  the  distribution.  It  may  be  seen  from  the  smooth  clirve  drawn 

through  the  points  In  Figure  4  that  r^^  varies  from  a  minimum  of  0.23 

at  d..  ■  300  microns  to  0.66  at  20  microns.  The  minimum  value  of  r. 

SO  fp 

corresponds  roughly  to  the  0.19  to  0.30  range  reported  by  Crocker  for 

(14) 

extremely  fractionated  fallout  samples. 

The  results  for  r.  demonstrate  the  extreme  effect  that  fractlon- 
fp 

at ion  can  exert  on  the  expected  value  of  r/hr  for  a  given  number  of 


*The  GITR  calibration  procedure  Incorporated  an  appropriate  point-source 
to  plane-source  correction  factor,  so  that  the  readings  reported^®^  were 
for  Dal.  D  has  been  calculated for  the  39A  (TIB)  survey  meter  as 
0.78.  Values  for  the  other  insturments  used  In  the  Small  Boy  surveys 
are  not  known. 


refractory  fissions  per  square  foot  (or  KT/ml*).  Also,  In  order  to 
conserve  activity  produced  In  the  explosion,  It  Is  necessary  that  r^^ 
(at  1  hour)  continue  to  Increase  with  decreasing  particle  size,  as  sug 


gested  In  Figures  2  and  4,  to  values  >1.  The  data  also  Indicate  that 
since  r^^  c  30^  over  the  sampled  region  of  the  Small  Boy  fallout  field 
at  leant  70^  of  the  gamma  Ionization  potential  as  of  1  hour  was  not 


present  in  the  fallout  region  sampled. 


This  missing  activity  must  have  been  distributed  among  the  rare 
gases,  on  particles  in  the  vicinity  of  ground  zero,  or  on  those  fine 
particles  that  comprised  the  Intermedlato  and  long-range  fallout. 
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/fiu  a  100  hr  s  to 


Fig.  2.  Variation  of  m/flssion  @  100  hr  with  Particle  Size 
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4.  Variation  of  Oroas  Fractionation  Number  with 
Median  Size  of  Fallout  Samplea 
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INTRODUCTION  TO  LONO-TERM  BIOLOOlCAt  EFFBCTB  OF  NUCLBAR  WAR 


C.  F.  Miller  and  P.  D.  LaRlvlere 
Stanford  Reaearch  Institute 
Menlo  Park,  California 


/iBSTRACT 

This  report  briefly  suRunBrlzes  the  Stanford  Research 
Institute  radiological  model  assessment  system,  discusses 
model  parameters  related  to  radiation  fields  from  fallout, 
and  presents  results  of  model  computations  as  applications 
to  civil  defense  problems  that  may  be  generated  as  a  result 
of  a  nuclear  war. 

The  general  format  of  the  currently  available  radio¬ 
logical  model  assessment  system  Is  presented  in  terms  of 
Its  component  submodels  and  the  relations  among  these 
models,  The  Inputs  and  outputs  of  these  models  with  re¬ 
spect  to  Interactions  with  civil  defense  functions  and 
postuttack  operations  Is  emphasized. 

Parameters  relating  fallout  deposition  levels  and 
radiation  fields  are  presented.  Several  of  the  parameters, 
such  as  the  terrain  factor  and  radiation  field  X  factor, 
are  evaluated  from  measurements  made  on  the  fallout  from 
Shot  Small  Boy  and  other  similar  measurements. 

Input  data  and  results  of  model  calculations  on  the 
biological  and  ecological  effects  of  a  hypothetical  nuclear 
attack  are  outlined  and  presented  to  Indicate  major  effects 
and  consequences  In  relation  to  resulting  civil  defense 
problems . 
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INTRODUCTION  AND  BACXOROUND 


This  paper  Is  a  brief  aummary  of  work  presented  In  a  larger  report 
with  the  same  title; here,  the  nature  of  the  study  Is  outlined,  and 
the  conclusions  from  the  study  are  reproduced. 

The  study  was  concerned  with  the  state-of- knowledge  and  concepts 
about  the  reaction  of  biological  systems  to  effects  of  nuclear  weapons 
under  nuclear  war  conditions,  about  the  likely  extent  of  damage  co  agri¬ 
cultural  and  wildlife  ecosystems  under  nuclear  war  conditions,  and  about 
the  factors  involved  in  the  long-term  recovery  potential  of  these  systems 
after  damage,  In  the  study,  an  attempt  was  made  to  organize  the  avail¬ 
able  information  for  objective  discussion  of  the  subject,  to  outline  the 
state-of-the-art  regarding  capabilities  to  use  the  information  (as  wall 
as  its  availability),  and  to  make  estimates  of  effects  using  the  avail¬ 
able  data  and  available  (or  new)  computational  methods.  In  the  report, 
only  the  radiological  effects  are  discussed. 

The  subjects  taken  into  consideration  include: 

1.  The  source  of  radiological  injury  or  damage  to  biological 
species  (i.e.,  local  and  worldwide  fallout,  its  nature,  its 
radiological  properties,  and  methods  used  to  estimate  the 
distribution  of  fallout  over  the  earth's  surface  and  de¬ 
gree  of  the  hazard  from  nuclear  radiations  emanating  from 
fallout) . 

2.  The  external  and  Internal  contamination  of  exposed  objects 
by  fallout  (i.e.,  the  behavior  of  fallout  particles  during 
and  after  landing  on  urban  configurations,  on  agricultural 
land,  on  wild  land,  and  on  lakes  and  rivers  as  well  as  on 
individual  agriculturally  important  crop  plants,  on  domes¬ 
tic  animals,  and  on  humans), 

3.  The  pattern  of  radiological  damage  and  recovery  of  bio¬ 
logical  species  after  exposure  to  nuclear  radiations 
(i.e.,  the  response  of  individual  humans,  animals,  plants, 
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ud  aquatic  spaclae  to  various  exposur«  doaoa  of 
nuclaar  radiation;  also,  tha  rasponsa  and  racovary  patterns 
for  ffiaipla  aoosyatams). 

4.  The  davalopstsut  of  operational  recovery  criteria  for  use  In 
planning  and  carrying  out  civil  defense  operations  under 
fallout  conditions  and  lor  use  In  evaluating  the  feasibility 
of  carrying  out  postattack  recovery  operations  (l.e.,  the 
Units  Imposed  on  operations  In  terms  of  the  hazard  and  the 
nature  of  the  injury  and  natural  patterns  of  recovery). 

5.  The  long-term  ecological  consequences  (l.e.,  secondary 
effects  Including  Interaction  among  species — mainly  with 
respect  to  food  chains  and  growth  competition — ,  radionuclide 
cycling  In  food  chains,  and  conditions  that  could  lead  to 
soil  erosion) . 

Bstlnatee  of  biological  effects  on  agricultural  production,  food 
contamination  and  Internal  doses,  and  wildlife  systems  were  made  for  two 
different  assumed  nuclear  sttscks.  One  was  a  ocunterforoe  clty-avoldance 
type  oi:  attack  with  a  total  yield  of  about  6,000  megatons,  and  the  other 
was  a  mixed  military-city  attack  with  a  total  yield  of  about  12,000  mega¬ 
tons.  In  each  case,  a  counterattack  of  about  10,000  megatons  was  assumed. 
All  attacks  consisted  of  a  mix  of  air  nnd  surface  detonations.  The 
computational  system  used  Is  shown  by  the  schematic  diagram  of  Figure  1. 
The  rectangular  boxes  In  the  figure  indicate  mathematical  models,  and 
the  rounded  boxes  indicate  either  input  or  output  parameters.  The  co¬ 
ordinate  system  was  based  on  the  looatlon  of  counties  since  the  county 
was  the  smallest  unit  of  area  for  which  agricultural  Input  data  is  re¬ 
ported.  In  all  cases,  the  computational  systems  and  Input  data  refer 
to  the  Btate-of-development  and  availability  In  1963  (or  before)  when 
the  study  was  made.  Most  of  the  models  were  developed  as  part  of  the 
continuing  research  program  at  Stanford  Research  Institute  sponsored 
by  the  Office  of  Civil  Defense;  the  adaptation  of  the  model  system  to 
computer  language,  the  computations  for  the  two  assumed  attacks,  and 
interpretation  of  the  computational  results  were  sponsored  by  the 
Director  of  Defense  Research  &  Engineering. 
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SUMMARY 


General 

The  analysis  and  evaluation  ut  the  effects  of  nuclear  war  on  bio¬ 
logical  species  and  on  their  ecological  systems  depend  upon  the  avail¬ 
ability  and  organization  of  a  great  variety  of  data  and  Information 
ranging  from  Input  information  on  weapon  explosion  phenomena  and  the  Inl 
tlal  Interaction  of  theso  phenomena  with  biological  species,  wherever 
they  may  be,  to  Information  about  the  community  behavior,  the  reproduc¬ 
tive  habits  and  cycles,  and  the  recovery  mechanisms  of  ecosystems. 

The  discussions  In  the  text,  with  respect  to  the  analyses  and  evalu 
atlons  and  the  uncertainties  Involved  In  them,  are  separated  Into  five 
subject  areas  for  summary ,  These  are  (1)  fallout  deposition  models, 

(2)  radiation  damage  criteria,  (3)  second-order  effects,  (4)  counter¬ 
measures,  and  (5)  attack  analysis  findings. 


Fallout  Deposition  Models 


Ko  fallout  model  exists  that  will  reliably  predict  all  the  radio¬ 
logical  hazards  at  a  given  geographical  location,  not  to  mention  the 
combined  exposure  doses  from  beta  and  gamma  radiation  on  plants,  animals 
insects,  and  humans.  For  example,  of  the  several  fallout  models  consid¬ 
ered,  the  total  area  within  the  100  r/hr  at  1  hr  contour  varies  by 

as  much  as  a  factor  of  4.  The  simple  fallout  pattern  scaling  system 
(2) 

developed  by  Miller  was  used  in  this  study  because  it  was  derived 
directly  from  selective  analyses  of  evaluated  weapons  test  data  and 
because  the  output  information  from  the  model  is  applicable  to  evalua¬ 
tions  of  both  the  external  gamma  hazard  and  the  internal  hazard  from 
radionuclide  ingestion. 


Son*  of  tho  major  unresolved  problems  Include  (1)  definition  of 
the  fallout  formation  process  (Including  fractionation  and  solubility), 

(2)  radiological  and  physical  propor  loj  of  fallout  from  detonations  on 
likely  target  environments,  (3)  meteorological  prediction  techniques, 

(4)  foliar  and  plant-part  contamination  variables,  (5)  effect  of  local 
environments  on  deposition  patterns  and  radiation  fields,  (6)  beta  radi¬ 
ation  levels  In  selected  contamination  environments,  and  (7)  Influence 
of  weather  and  environment  on  radiation  fields,  contamination  of  objects, 
and  nuclide  transfer  processes. 

One  of  the  most  important  areas  of  future  research  for  Improving 
the  fallout  distribution  models  Is  continuation  of  studies  which  emphasize 
the  specification  of  the  particle  source  geometry  during  the  period  of 
fallout  particle  formation,  a:  previously  discussed.  Continued  research 
is  needed  on  further  development  of  predictive  methods  for  weather  data 
Inputs  to  the  models,  Also,  additional  studies  are  needed  on  the  appro¬ 
priate  operational  use  of  early  monitoring  data  by  civil  defense  command 
and  control  centers  and  by  damage  assessment  centers  for  evaluating  the 
radiological  hazard  and  for  Initiating  transattaok  and  postattack  counter¬ 
measures.  Because  of  the  unreliability  of  prediction  methods,  It  appears 
that  these  types  of  civil  defense  operations  must  be  planned  and  scheduled 
on  the  basis  of  observed  Information. 

Radiation  Damage  Criteria  i  '■ 

The  biological  response,  either  to  acute  gamma  radiation  doses  or 
to  chronic  doses  (or  both).  Is  known  for  a  few  species,  mainly  the  Impor¬ 
tant  higher  vertebrate  domestic  animals.  However,  most  of  the  information 
Is  for  specific  types  of  radiation  source  energies  and  exposure  geometries 
that  are  not  particularly  representative  of  the  conditions  for  exposure 
to  radiation  from  fallout.  The  biological  responses  of  all  species  to  the 
pattern  of  exposure  in  nuclear  war  radiation  environments  such  as  a  de¬ 
caying  source  strength.  Intermittent  exposures  for  different  time  periods. 
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and  the  rate  of  exposure  dose  received  are  not  known,  quantltatlveljr; 
lack  of  Information  In  this  area  Is  a  major  weakness  In  the  current  state- 
of-knowledge  of  biological  effects  from  radiation  exposure. 

The  mechanisms  of  biological  recovery  from  radiation  damage  also  are 
not  known.  But  the  principle  of  biological  recovery  from  all  types  of 
injury  is  a  firmly  established  concept  for  individual  species  as  well  as 
for  ecosystems,  The  accepted  description  of  the  effects  of  scute  gamma 
radiation  doses  on  man  have  been  deduced  from  scattered  Information,  al¬ 
lowing  for  liberal  use  of  technical  Judgement  In  lieu  of  factual  infor¬ 
mation  from  carefully  designed  experimental  investigations.  Nevertheless, 
the  recognition  that  a  set  of  effects  Information  must  exist  to  establish 
damage  criteria  can  be  used  to  organize  and  categorize  such  information 
in  terms  of  (1)  the  degree  of  Injury  from  which  recovery  would  be  practi¬ 
cally  certain,  (2)  the  degree  of  injury  from  which  recovery  would  be 
practically  Impossible,  and  (3)  the  degree  of  injury  from  which  recovery 
Is  uncertain,  depending  on  small  differences  in  the  degree  of  injury,  the 
state-of-health  of  the  organism  at  the  time,  the  amount  of  treatment 
available,  and  other  factors. 

For  most  species  and  ecosystems,  because  of  many  uncertainties  in 
the  application  of  the  available  data  and  Incomplete  coverage  of  the  data, 
it  is  not  yet  possible  to  establish  boundary  oonditlons  for  Injury  cate¬ 
gories,  For  the  cases  where  the  degree  of  injury  oan  be  categorized, 
damage  assessment  studies  would  require  details  about  the  third  injury 
category  given  above.  Information  about  the  details  of  this  injury 
category  is  least  known  for  all  species. 

The  use  of  damage  criteria  in  civil  defense  system  design  can  be 
shown  to  be  associated  with  the  definition  of  the  first  injury  category 
(e.g.,  the  degree  of  injury  from  which  recovery  would  be  practically 
certain) .  While  this  use  is  undoubtedly  recognized  and  applied  In  the 
current  civil  defense  programs,  it  is  also  apparent  that  the  application 
more  often  has  been  in  the  form  of  misuse  because  the  emphasis  in  the 
application  has  been  only  on  one  component  of  the  system  (i.e.,  shelter). 
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Som«  of  the  mejor  unresolved  problems  include  (1)  radlobloloKical 
response  of  Important  species  of  the  blots  (at  various  stages  of  the 
reproductive  cycle)  to  doaos  from  gamma  radiation  characteristic  In 
energyi  geometryi  and  exposure  patterns  of  that  from  fallout,  (2)  radio¬ 
logical  response  of  selected  species  of  animals,  plants,  and  Insects  to 
beta  radiation  from  fallout,  and  (3)  injury  recovery  mochanlsms  and 
dependent  variables, 

Second-Order  Effects 

Tho  second-order  effects  such  as  the  movemont  of  soluble  radio¬ 
nuclides  within  the  biosphere,  tho  rosponso  oi‘  spocles  to  a  combination 
of  nonlothal  doses  of  radiation,  or  the  erosion  of  land  areas  denuded  by 
high  radiation  doses  and/or  fire  depend  on  mnav  intorrulatea  (and  inde¬ 
pendent  variables)  and  are  poorly  known.  One  main  causo  of  existing 
controveralos  regarding  tho  importance  of  tho  second-order  biological 
effects  stems  from  poor  definition  of  the  primary  effects;  another 
appears  to  arise  from  dlfforoncos  in  Intorproinllon  of  tho  efficiency  of 
repair  and  recovery  mechanisms  of  ocosystoms. 

Two  major  factors  In  tho  repair  and  recovery  of  biological  communi¬ 
ties  appear  to  be  Important.  Tho  first  is  tho  time  period  over  which  the 
injury  Is  sustained.  The  second  Is  that  the  rate  of  the  repair  and  re¬ 
covery  process,  after  injury,  is  usually  slow,  depending  on  tho  severity 
of  the  Injury. 

Plant  species  tend  to  dominate  all  Important  terrestrial  ecosystems, 
and,  since  plants  grow  on  nutrients  In  soils,  tho  most  sori'ous  typo  of 
injury  to  these  ocosystoms  Is  one  that  leads  to  removal  of  tho  soil  itself 
by  erosion. 

In  the  scale  of  injury  that  could  result  In  a  nuclear  war,  the  cycling 
of  radionuclides  Into  the  food  chain  of  the  higher  animals  appears  to  bo 
a  minor  hazard.  In  the  long  term.  It  could  be  a  general  public  health 
problem.  Although  the  currently  available  plant  and  animal  uptake  data 
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are  incomplete  and  ot  rather  poor  quality,  and  occasionally  are  reported 
in  nonusoful  units  of  measure,  the  conclusion  that  the  scale  of  injury!  from 
internal  contamination  would  be  low  is  generally  supported  by  these  data. 

The  second-order  effects  from  a  fractionation  of  the  degree  of  in¬ 
jury  within  the  speclen  of  an  ecosystem  have  not  yet  been  thoroughly 
treated;  the  Insect  problem,  secondary  fires,  invasion  by  weeds,  and 
similar  problems  are  of  this  class  of  second-order  effects,  Much  appli¬ 
cable  data  is  known  to  exist,  The  compilation,  organization,  and  analysis 
of  these  data  are  needed  before  these  second-order  effects  can  be  assessed. 

At  this  time,  all  the  second-order  effects  from  a  nuclear  attack 
appear  to  be  unresolved;  some  of  the  major  ones  are  (1)  damage  leading 
to  erosion  and  floods,  (2)  role  of  Insects  in  ecosystem  recovery  pro¬ 
cesses,  (3)  ecological  repair  and  recovery  rates  and  dependent  variables, 
(4)  energy  and  matter  flow  in  food  chains,  and  (S)  combined  injury  (long¬ 
term  low-level)  rosponae  of  species. 

Countermeasures 

Man  is  a  dominant  factor  in  large  segments  of  temporal  ecosystems, 
While  it  Is  possible  to  state  or  enumerate  the  types  of  countermeasures 
and  control  that  man  could  employ  to  aid  in  the  recovery  of  the  nation 
(including  all  typos  of  contiguous  ecosystems)  after  damage  from  a  nuclear 
attack,  it  is  not  yet  possible  to  establish  the  cost  of  preparations  re¬ 
quired  to  accomplish  a  desired  level  of  recovery,  the  real  need  of  the 
measures,  or  the  capability  of  survivors  to  carry  out  any  and  all  such 
conielved  countermeasures.  A  better  understanding  of  the  nature  and 
degree  of  the  second-order  effucts  is  required  before  proposed  counter¬ 
measures  can  be  evaluated.  At  the  present  time,  protective  countermeasures 
against  the  immediate  effects  are  more  Important. 


Atfck  Analysis  Finding 


The  following  Hpoclllc  concluslona  wore  roachcd  with  rospoct  to  tho 
model  computation*  carried  out  on  tho  KM  and  MC  ottack*  (turliiK  thu  coiirao 
of  tho  atudy: 

1.  The  nationwide  recovery  of  the  production  potential  of  agricul¬ 
ture  would  be  readily  achieved,  in  spite  of  tho  rodluloglcal 
effects  of  the  attack,  if  the  farmers  have,  and  utilize,  pro¬ 
tective  shelters  with  a  shielding  protection  factor  of  at 
least  10.  Tho  computed  per  copita  protiuctlon  potential  of 
moat  crops  for  the  crop  In  tho  ground  at  tho  time  of  attack 
was  approximately  unity  for  both  the  cosc  of  existing  shelter 
(PF  a  10)  and  good  shelter  (PF  a  1,000  for  Inrmoro  and  100  psi 
blast  shelters  for  urban  population).  However,  for  tho  good 
shelter  case  undur  the  HM  attack,  tho  livestock  avuilabllity  is 
reduced  to  one-half  of  thu  proattack  por  capita  lovol.  Tho 
effect  of  other  factors,  such  os  tho  avallobility  of  power  and 
fuel  on  the  recovery  of  agriculture,  was  not  c  >nsiderod  In 
this  port  of  tho  study. 

2.  Tl\o  consumption  of  the  foods  and  wntor  (ontnminntod  by  both 
local  and  worldwide  fallout,  without  any  special  decontamination 
methods,  would  not  produce'  absorbed  doses  to  adult  humans  that 
would  result  in  slgnificunt  early  or  lin.o  biological  effects. 

Tho  some  conclusion  Is  opplicablo  for  infants  ihat  ingest  foods 
contaminated  to  levels  equivalent  to  those  computed  for  tho 
national  median  lovol.  For  foods  contaminated  to  levels  equiva¬ 
lent  to  those  computed  for  the  national  SO  percent tie  level, 
some  long-term  clfocts  to  infants,  from  continuous  Ingestion, 
would  bo  expected.  The  Important  sources  of  those  oi'focts  arc 
the  assimilation  of  1-131  in  the  thyroid  from  early  ingestion 

of  water  and  milk  and  the  concentration  of  Sr-»9  and  Sr- 90  in 
tho  bone. 

3.  All  crops  contaminated  to  levels  loss  than  the  00  porcontilo 
level  (national  summary)  of  the  hnrvostablo  crops  would  bo 
edible,  for  both  the  existing  shelter  case  and  tho  good 
sholtor  case  and  for  both  ottacks.  Tho  highest  calculated 
absorbed  dose  to  body  organs  from  Ingestion  of  contaminated 
food  and  water  resulted  from  the  deposition  of  small  fallout 
particles  on  tho  aboveground  plant  parts  and  in  exposed  water 
sources.  Tho  absorbed  doses  from  consumption  of  foods,  in  which 
the  contamination  of  tho  edible  parts  of  plants  from  uptako 
through  tho  roots  from  both  local  and  worldwide  fallout  de¬ 
posited  up  to  planting  time  and  from  foliar  contamination  by 


worldwide  fallout  during  tho  month  of  harvest,  in  the 
first  ijostattack  crop  wore  less  than  tliose  from  cnnsiinipt  ion 
of  tho  contamination  on  the  crops  in  the  uroiind  ul  tho  t Imo 
of  attack. 

4.  No  decontamination  of  aKrlculturnl  land  would  ho  noedod,  and 
no  quarantine  of  agricultural  land  is  required  liccntiso  of 
contamination  by  ar-00  and  Ch-137.  Croon  leafy  crops  (and 
others)  grown  on  land  which  contributes  to  the  foods  eoniiimliui- 
tod  to  levels  in  oxceas  of  tho  90  percontllo  contamination  level 
could  bo  fed  to  animals. 

5.  About  10  percent  of  tho  forest  land  (coniferous  and  tleciduoiis) 
area  would  receive  aufflclontly  high  radiation  dosos  so  that 
recovery  to  proattack  conditions  within  about  2  years  is 
questionable.  In  a  smaller  fraction  of  tho  forest  land 

area,  all  vogotatlnn  would  be  killed.  About  the  same  frac¬ 
tional  areas  wore  involved  In  both  assumed  attacks, 

fi.  In  tho  HM  attack,  tho  crops  in  11  perct?nt  of  tlic  planted  ci'op 
land  (all  typos)  wore  destroyed  (l.e.,  .tboul  2  percent  of  the 
area  of  the  country);  in  the  MC  attack,  the  crops  in  about 
3  percent  of  the  i)lnntud  crop  land  (nil  types)  were  destroyed. 
Those  estimates  are  prolmbly  soiiiowhal  low  because  tho  compula¬ 
tions  wore  presumably  based  on  the  response  of  mature  plants, 
dose-effects  data  ns  u  function  of  plant  age  Isoing  nonexistent, 
and  bocutiso  beta  dose  responses  wore  not  considered  (no  model 
and  no  ro.sponse  data  being  available). 

7,  A  large  fraction  of  tho  population  has  well-water  sources 
available  to  them;  these  sources  are  not  expected  to  be 
contaminated  during  an  attack.  (However,  tho  availability 
of  the  water  would  depend  on  the  avnllubllity  of  power  for 
pumping.)  Tho  consumption  of  contaminated  water  from  ex¬ 
posed  sources  in  tho  early  poslnttack  period,  neglecting 
natural  and  normal  water  treatment  decontamination  processes', 
would  not  bo  expected  to  produce  serious  somatic  effects  at 
tho  90  percentile  (nationwide)  water  source  contamination 
level , 

Within  the  reliability  of  the  current  information  on  the  biological 
response  of  biological  species  to  rodiotlon  exposures,  tho  above  results 
of  tho  study  load  to  tho  conclusion  that  long-term  biological  and  ecologi¬ 
cal  effects  woultl  not  bo  so  severe  ns  to  inhibit  or  seriously  delay  tho 
national  recovery  after  a  nuclear  attack  similar  to  one  of  those  assumed 
in  the  study.  Rather,  tho  ma.^or  problems  of  population  and  biological 
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9  , 

resource  survival  are  concluded  as  bulnR  aasociatod  with  tho  short-torm 
biological  efloots  that  would  result  from  the  exposure  of  all  blologlcol 
species  to  gaiima  radiation  from  fallout.  Tho  nllevlatlon  of  these  effects 
thua  centers  on  the  availability  of  shelter  for  the  protection  of  tho 
population  and  a  local  capability  for  organised  efforts  to  recover  food 
and  water  and  other  such  resources  that  would  bo  required  to  maintain  the 
health  of  the  survivors  as  a  coherent  work  force  In  the  early  postattack 
period,  This  is  tho  time  period  after  attack  when  the  need  for  knowledged 
leadership  would  be  critical  and  when  errors  In  recuperative  actions 
would  be  tho  most  likely  to  lead  to  secondary  fatalities. 

The  effects  of  tho  radiation  from  fallout  In  some  areas  of  the 
country  could  result  In  fatal  doses  to  all  higher  forms  of  life  In  exposed 
conditions.  A  few  percent  of  the  total  land  area  of  the  country  would 
likely  be  denuded  of  vegetation  for  a  short  period  of  time,  However,  the 
location  and  extent  of  those  areas,  with  respect  to  other  aspects  of 
resource  damage  and  economic  recovery  problems ,  are  such  thst  the  eco¬ 
logical  conaotiuencoB  of  tho  biological  damage  in  those  areas  could  have 
little  or  no  influence  on  national  recovery.  Essontlally  all  of  the  oco- 
nomically  Important  agricultural  land  Is  recoverable  within  tho  first  ycor 
after  attack,  oven  for  tho  case  of  using  existing  shelters. 
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SESSION  ONE  -  PARTICLE  FORMATION 


INTRODUCTION 

The  purpose  of  this  report  is  to  offer  some  comments  on  the  state  of 
the  art  with  respect  to  the  problem  of  particle  formation  as  It  pertains 
to  land  surface  detonations  of  nuclear  weapons  In  general  and  to  the  DOD 
Fallout  Model  In  particular.  The  report  is  divided  into  three  main  sec¬ 
tions:  a  statement  of  objectives;  a  non-comprehenslve  review  of  the  main 
features  of  what  Is  known  and  what  is  being  studied;  and  a  listing  of 
some  gaps  In  the  state  of  knowledge  and  In  our  current  research  efforts. 

The  approach  outlinod  above  was  accepted  by  the  working  group  as  a 
whole,  and  on  this  basis  sections  of  the  report  were  prepared  by  sub¬ 
groups  of  2  to  4  members.  There  was  Insufficient  time  for  the  subgroups 
to  cross-review  their  contributions  so  that  it  cannot  be  assumed  that 
each  working  group  member  necessarily  agrees  with  all  that  is  presented 
in  this  report.  Furthermore,  in  the  interest  of  conciseness,  it  has 
been  necessary  in  many  instances  to  paraphrase  and  condense.  It  is 
hoped  that  this  has  not  done  too  great  a  vlolance  to  the  ideas  of  the 
originators. 


OBJECTIVES 

An  acceptable  model  of  the  particle  formation  process  must  satisfy 
two  requirements. 

(1)  It  must  furnish,  for  a  particular  nuclear  detonation,  a  detailed 
description  of  the  distribution  of  particles  as  a  function  of 
size  and  mass  or  sedimentation  rate.  If  tne  early  distribution 
varies  in  an  important  way  with  location  within  the  nuclear 
cloud,  the  nature  and  extent  of  the  variation  should  be  speci¬ 
fied.  Such  informntio.n  is  essential  as  incut  to  an  efiectlve 
transport  calculation. 
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(2)  It  must  furnish  information  regarding  the  particle  size  distri¬ 
bution  of  individual  radionuclides  and  define  the  chemical  and 
physical  properties  of  the  particle  population  in  sufficient 
detail  that  the  nature  and  extent  of  both  external  and  internal 
radiation  hazard  can  be  determined  for  any  specified  time  after 
detonation. 

On  this  basis  it  is  believed  that  the  objective  of  the  study  of 
Particle  Formation  may  be  stated  as  follows:  Given  the  yield,  mass,  and 
composition  of  a  nuclear  device  and  a  description  of  the  environment  in 
which  it  is  detonated,  the  Particle  Formation  model  must  predict,  ns  a 
function  of  particle  size,  cloud  dynamics,  and  early  time,  the  chemical 
composition,  isotopic  composition  and  physical  characteristics  of  the 
resultini'  radioactive  particulates, 

A  SHORT  REVICT  OF  WHAT  WE  KNOW 

Information  relevant  to  the  overall  problem  of  Particle  Formation 
may  be  sought  by  one  of  two  main  approaches  —  Analysis  of  particles  pro¬ 
duced  by  nuclear  detonations,  or  fundamental  studios  of  the  mechanism  of 
synthesis  of  particles  under  conditions  simulating  those  which  prevail  In 
a  nuclear  detonation.  These  approaches  are  essentially  independent.  How¬ 
ever,  results  produced  by  the  second  must  be  co.nsistent  with  the  analyt¬ 
ical  data  provided  by  the  first.  Some  progress  reports  on  examples  of 
these  two  lines  of  investigation  are  discussed  in  the  following  paragraphs. 

PARTICLE  ANALYSIS.  The  underlying  concept  of  the  Particle  Analysis  ap¬ 
proach  is  quite  straightforward.  Particle  sample?  separated  according 
to  size  or  sedimentation  rate  are  subjected  to  chemical,  isotopic  and 
physical  analyses;  the  results  of  such  analyses  are  expressed  mathemat¬ 
ically  as  distribution  functions;  and  the  variation  of  the  parameters  of 
the  particle  distribution  functions  with  detonation  conditions  is  stiidled 
v/ith  a  view  to  arriving  at  a  method  of  quantitative  prediction.  Under 
the  general  category  of  effort  there  are  three  principal  '  Ines  of  experi¬ 
mental  endeavor  —  analysis  of  particle  samples  separated  by  atmospheric 
processes;  analysis  of  particle  samples  collected  at  early  times  and 
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“cpcrstoi;;  ifj  Lhu  iahoralory  according  to  size  or  sedimentation  rate  or 
density;  and  analysis  of  Individual  particles. 

(1)  Analyflas  of  Particle  Samples  Separated  by  Atmospheric  Procossos. 
Tho  Internal  Isotopic  ratios  measured  on  particle  samples  collected  on  tlio 
ground  and  In  tho  air  at  various  times  after  detonation  car  bo  used  to 
arrive  at  fractionation  behavior  relationships.  Data  of  this  type  from 
uJi'burst  detonations  wore  used  by  Frolltng  to  arrive  at  his  Radial  Dis¬ 
tribution  Model.  In  I.  J.  Russell's  paper,  an  application  of  this  method 
to  Johnnie  Boy  and  Castle  Bravo  data  was  used  to  hypothesize  the  existence 
of  a  substantial  population  of  very  small  particles.  An  extension  of  tho 
approach  to  Include  induced  activity  data  was  prosoi.ted  by  W.  J.  Auth. 

The  consensus  of  contributors  is  that  there  exists  a  Inrre  body  of  ex¬ 
perimental  information  which  has  not  yet  been  subjected  to  tho  necessary 
detailed  isotopic  balance  studies  required  for  understanding  tho  particle 
formation  process,  Data  suitable  for  such  analysis  exists  at  the  weapons 
laboratories  and  in  tho  AFTAC  laboratories.  Other  data  exist  at  AERE  and 
in  foreign  publications.  In  addition  to  the  basic  application  of  these 
(lata  to  the  problem  of  particle  formation,  they  stiould  also  be  used  to 
provide  critical  tests  of  tho  realism  of  fallout  models,  Including  the 
DOD  model. 

(2)  Analysis  of  Particle  Samples  Separated  In  the  Laboratory.  One 
shortcoming  of  the  particle  samples  that  are  separated  by  atmospheric 
procossos  is  that  the  particles  analyzed  are  grouped  in  an  unsystematic 
fashion  and  in  fact  for  any  particular  event,  entire  groups  may  not  have 
been  analyzed.  The  systematic  separation  of  close-in  aerial  and  fallout 
samples  has  been  carried  out  in  an  attempt  to  provide  particle  sample 

sets  which  are  evenly  distributed  and  which  represent  the  complete  particle 
population.  In  addition  to  isotopic  data,  the  analytical  program  provides 
particle  mass  data  and  Information  about  the  chemical  composition  and 
physical  character  of  the  various  groups.  R.E.  Heft's  paper  describes  the 
application  of  the  method  to  two  cratering  events  at  Nevada.  His  findings 
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indicated  a  stronK  correlation  between  laotuplc  composition  and  chemical 
nnrt  physical  nature  of  portlclis.  Refractory  Isotopes  were  volume  dis¬ 
tributed  in  "Klncs”  particles;  volotlles  w»-rQ  on  the  surface  of  crystol- 
lino  particles.  M.  W.  Nathan's  papor  gave  some  p^ollmlnary  results  from 
the  application  of  the  method  to  Johnnie  Boy  and  appears  to  confirm  and 
oxlonri  Russell's  findings . 

(3)  Analysis  of  Inriivldunl  Particles.  A  substantial  backlog  of 
data  on  the  relationship  between  activity  and  size  for  Individual  par¬ 
ticles  has  been  built  up  over  the  years  by  various  laboratories  -  NRDL 
and  Trncorl.ib  have  been  major  contributors.  In  recent  years  this  work 
has  been  extended  to  Include  measurements  of  Individual  radionuclides  and 
the  results  of  some  of  this  work  were  summarized  in  Nathan's  paper.  Some 
interesting  insights  into  the  mechanism  of  porticle  formation  are  being 
provided  by  electron  beam  microprobe  analyses  of  individual  particles. 

J.  H.  Norman's  paper  provided  some  exceptional  microprobe  "photographs" 
of  individual  particles  which  showed  exomplas  of  inclu.slons.  He  also 
reported  the  observation  oi  radial  concentration  gradients  in  silicate 
particles  which  suggests  the  possibility  ol  a  process  of  diffusion- 
controlled  absoprtlon  of  fission  products  by  these  particles. 

PARTICLE  SYNTHESIS.  In  this  category  of  investigation,  we  include  all 
laboratory  studies  relating  to  the  interaction  of  materials  at  high 
temperature  which  are  aimed  at  improving  our  understanding  of  the  con¬ 
densation,  absorption  or  agglomeration  processes  which  contribute  to  iho 
process  of  particle  formation.  An  outline  of  the  interaction  of  the 
various  processes  as  conceived  by  the  NRDL  group  is  presented  in  the 
accompanying  figure. 

Laboratory  studies  pertinent  to  model  description  and  determination 
include  both  thermodynamic  and  kinetic  measurements.  Of  thermodynamic 
importance  are  solubility  versus  gas  phase  composition,  gas  phase  com¬ 
position,  and  energies  involved  in  the  transfer  of  materials  between 
species  or  phases.  Of  possible  kinetic  importance  are  dif fusivlties  in 


tho  gas  phaso,  dlf fuslvltlos  In  the  condonsed  phase,  conclonsatlon  couf- 
ficlonta,  accretion  and  turbulence.  In  the  thermodynamic  representation, 
the  Important  nuclear  cloud  parameters  are  condensed  phase  composition, 
gas  phase  composition  Including  species,  and  temperature  (possibly  even 
electron  temperature).  For  kinetic  processes  the  Important  nuclear  cloud 
specifications  are  cooling  rate,  particle  size,  and  nucleatlon  rate, 

Tho  synthesis  work  at  General  Atomic  reported  by  Norman  Is  concerned 
with  moasuremonts  of  Honry's  Law  constants  for  several  fission  products 
In  silicates  In  the  Ca0-Al20]-Si02  system.  In  these  studies  a  consider¬ 
able  degree  of  nonldoalliy  has  been  obsorvod.  Ideal  solution  thermo¬ 
dynamics  may  bo  inadequate  In  describing  solubility.  For  tho  particle 
sizes  measured  condensed  state  diffusion  Is  the  most  reasonable  candidate 
for  tho  rate-controlling  process  for  all  but  tho  calcium  ferrite  samples. 

Studios  at  NRDL  on  molybdenum  oxide,  reported  by  E.  Frolllng,  wore 
aimed  at  determining  whether  gas  phase  diffusion,  condensation,  or 
condensed  state  dil'luslon  are  rate  controlling  in  fission  product  absor¬ 
ption  by  tho  liquid  state  of  calcium  ferrite,  Ca0-Al203-Si02 ,  clay,  and 
sodium  oxide-silica.  For  the  particle  sizes  measured,  condensed  state 
diffusion  is  rato-dotormlning  for  nil  but  tho  calcium  ferrite  sample.s. 

In  the  latter  case,  condonsed  state  diffusivities  wore  quite  large  and 
gas  phase  diffusion  was  found  to  be  rate  governing. 

Work  at  Lawrence  Radiation  Loboratory  reported  by  G.  T,  Ryndors  was 
concerned  with  a  study  of  physico-chemical  processes  toking  place  at 
high  temperatures  produced  In  an  RF-lnductlon  plasma-torch.  By  passing 
particulate  material  through  tho  torch  and  collecting  the  product.s,  it 
is  intended  to  investigate  tho  interaction  of  liquid  particles  (as  melted) 
with  a  gaseous  environment,  as  well  as  the  vaporization  effects  which 
also  occur.  The  particulate  material  is  subjected  to  short  residence 
times  f.t  high  temperature  as  well  as  short  quench  times  which  are  of  the 
order  of  tens  of  milliseconds.  The  particles  do  not  reach  plasma  temp¬ 
eratures  but  are  subjected  to  heating  and  cooling  processes  similar  to 


456 


I  liiiHi,'  ivhic'.li  t)i-.c:ur  In  u  nuclour  liruball.  Ful-uru  work  will  bo  concornod 
with  tho  elfoclH  on  condensation  processus  of  onvironmontai  atmospheros , 
plasma  toinperuturus ,  rusiduiice  and  quutioli  liiiros,  food  pul’tlclD 

concentrations.  For  those  particles  that  have  been  molted,  tho  particle 
size  distribution,  fractionation  effects,  and  particle  morphology  will 
bo  characterized.  Some  work  will  also  be  done  on  agglomeration  effects 
which  are  observed  to  occur  during  condensation  of  vaporized  mutorlal. 


SOME  GAPS  IN  THE  STATE  OF  KNOWIXDGE 

In  connection  with  the  overall  problem  of  Particle  Formation,  there 
were  a  number  of  areas  whore  essential  input  information  was  either 
lacking  or  very  poorly  substantiated  and  where  there  is  no  known  effort 
to  obtain  improved  data.  In  this  section  wo  have  listed  some  of  those 
areas , 

(1)  Effect  of  size  distribution  of  particles  in  the  pre-shot  environ¬ 
ment  compared  with  final  particle  distributions.  Condensed 
phase  material  introduced  into  the  nuclear  cloud  has  an 
important  effect  on  the  Ultimate  particle  distribution.  A 

need  exists  to  better  define  the  nature  of  this  effect. 

(2)  Phase  distribution  of  environmental  material  introduced  into 
the  nuclear  cloud  (vapor,  liquid,  solid).  The  DOD-Fallout 
Model  appears  to  be  tied  to  the  assumption  that  20^  of  the 
cloud  mass  is  vaporized  soil  but  this  number  is  not  well 
substantiated.  There  may  be  a  possibility  of  considerably 
improving  the  quality  of  this  input  base,'  on  detailed  radiation- 
hydrodynamic  calculations  such  as  are  carried  out  by  the 
weapons  laboratories.  Such  calculations  could  also  better  leke 
into  account  the  phenomenology  which  affects  particle  size 
distribution. 

(3)  Post-condensation  agglomeration.  Both  aerial  and  fallout 
nucleer  debris  samples  are  probably  subjected  to  artificial 
agglomeration  by  the  presently  used  collection  devices.  There 
is  need  lor  measurements  of  particle  size  distributions  as  they 
exist  in  the  cloud  which  are  not  subject  to  the  limitations  of 
sampling  media.  A  completely  representative  sampling  system 
should  account  for  radioactive  gases  as  well  as  radioactive 
products  in  particles. 
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(•I)  Hulitht  of  hurst  effects  on  pnrticlc  formation.  Hursts  on  the* 
RTound  or  fifty  feet  above  It  would  he  elnssiriofl  ns  "innH 
surface  bursts"  but  tho  particle  formation  history  mliflit  lie 
suhstantially  difforonl.  In  this  sumo  connection,  tho  ufl'eci 
on  the  dlstribulfnn  of  partlculnto  radioactivity  by  a  bnso 
surge  may  bo  important.  Nolther  variable  is  explicitly  In¬ 
cluded  in  the  DOD  fallout  model. 

(5)  There  is  a  shortage  of  useful  information  on  the  space  and 
time  variation  of  the  particle  population  within  the  cloud. 
Such  information  might  be  produced  from  possible  future  deto¬ 
nations  If  adequate  sampling  programs  existed.  There  is  no 
known  Work  in  the  area  of  plonnlng  or  Implomonting  such  u 
sampling  progratii. 


CNViKONtfCNT 


ENViROMMCMT 


SESSION  TWO  -  CWVD  Dr/GLOFMENT 


PARTICLE  CIRCULATION 


The  working  group  considered  the  cloud  rise  problem  from  three  dif¬ 
ferent  points  of  view;  the  Information  needed  by  the  fallout  model,  the 
types  of  approaches  available  to  provide  this  information,  and  suggested 
programs  for  advancing  the  state  of  the  art. 

The  first  essential  is  a  measure  of  the  cloud  height.  No  matter 
what  typo  of  model  is  used,  a  measure  of  how  high  the  particles  are 
carried  is  of  prime  importance  to  the  subsequent  calculations.  In  order 
to  consider  tlio  formation  and  dispersal  of  particles  within  the  rising 
cloud  it  Is  necessary  to  know  the  time-temperature  history  and  the  velocity 
distribution  witliin  the  rising  cloud. 

The  degree  of  detail  wtUch  is  required  of  the  temperature  and  velocity 
distributions  within  the  cloud  is  dependent  on  the  degree  of  sophisti¬ 
cation  of  particle  formation  and  coagulation  models.  At  present  an  average 
temperature  as  a  function  of  time  and  a  gross  partition  of  the  internal 
kinetic  energy  betv/oen  toroidal  circulation  and  turbulent  motions  appears 
to  be  sufficient.  Eventually  we  hope  to  gain  greater  understanding  of  the 
hydrodynamic  history  of  the  cloud  rise. 

To  meot  those  needs  we  have  avail.'.ble  throe  levels  of  sophistication 
of  cloud  models.  First  is  a  strictly  empirical  analysis  of  the  observed 
data,  next  is  a  one-dimensional  parcel  rise  theory,  and  finally  the  fairly 
sophisticated  two-dimensional  hydrodynamic  numerical  methods. 

The  empirical  methods  range  from  a  simple  power  law  scaling  with  yield 
which  ignores  the  possible  variations  produced  by  the  atmosphere,  to  the 
fitting  of  more  complicated  equations  which  consider  the  gross  lapse  rate 
.'”ul/or  the  height  of  the  tropopause. 


460 


The  parcel  rise  methods  have  a  long  history  starting  with  G.  I, 
Taylor's  analysis  which  was  refined  by  Machta,  Kellogg  and  many  others. 
Most  of  these  techniques  suffered  from  the  difficulties  experienced  by 
Norinont ,  in  that  the  predictions  were  quite  unstable  to  small  changes 
:n  the  assumptions  about  entrainment,  drag  and  the  atmospheric  conditions. 
Many  of  the  difficulties  with  the  parcel  method  have  been  overcome  by  the 
Huebsch  who  introduced  a  mechanism  to  account  for  the  conservation  of 
energy.  A  successful  parcel  method  can,  In  addition  to  the  height  of 
stabilization,  provide  a  curve  of  the  mean  parcel  temperature  as  a 
function  of  time  and  can  give  a  measure  of  the  amounts  of  turbulent  and 
thermal  energy  within  the  parcel.  It  should  be  noted,  however,  that  no 
parcel  method  has  ever  been  systematically  tested  against  observed  data. 

Finally,  there  are  the  two-dimensional  hydrodynamic  methods  which 
require  rather  powerful  computing  facilities  for  their  use.  There  are 
quite  a  few  simplified  versions  of  those  methods  in  the  meteorological 
literature,  but  the  simplifications  involve  the  Dousslnesq  approximations 
and  the  assumptions  of  very  small  temperature  differences,  neither  of 
which  is  applicable  to  nuclear  clouds.  The  complete  programs  are  rather 
horrendous  in  their  complexity.  Even  with  such  apparently  powerful  tools, 
we  must  point  out  that  the  few  calculations  which  have  been  made  have 
not  been  tested  against  the  observational  data. 

We  suggest  that  work  be  pressed  on  all  throe  approaches  to  cloud  rise 
prediction.  A  continued  search  for  improved  empirical  formulas  for  the 
height  of  stabilization,  such  as  that  presented  by  O.S-K.  Yu,  is  essential 
to  provide  a  standard  against  which  all  proposed  improvements  can  be 
tested  statistically, 

A  program  for  testing  the  accuracy  of  the  parcel  methods  against 
the  stabilization  height  is  necessary  to  prove  the  validity  of  the  postu¬ 
lated  mechanisms.  We  suggest  that  a  form  of  the  energy  conserving  parcel 
method  be  tested  against  as  many  low  air  bursts  as  possible  to  determine 
how  well  it  approximates  the  observations.  V/e  sxiggest  low  air  bursts 
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in  order  to  minimize  the  effects  of  soil  loading  on  the  one  hand,  and 
excessive  atmospheric  pressure  gradients  on  the  other.  If  we  can  produce 
evidence  that  thor  >  methods  are  useful  In  the  mest  simple  case,  it  will 
bo  easier  to  asset  j  the  effects  of  complex  fire  ball  loading. 

Tho  search  for  analytic  approximations  to  the  problem  of  cloud 
rise  should  be  pressed.  Wo  do  not  believe  that  these  approximations  will 
bo  useful  in  a  model ,  but  the  Insight  they  provide  may  show  how  the  2- 
dimcnslonal  aspects  of  the  problem  can  be  bettor  parameterized  into  the 
parcel  techniques.  Such  an  approach  is  appealing  because  of  the  inordinate 
amount  of  time  required  for  tho  rigorous  2-dimensional  treatment. 

Finally  wo  suggest  that  a  full  scale  2-dimensional  hydrodynamic 
problem  bo  run  with  initial  and  boundary  conditions  which  can  be  matched 
with  a  well  documented,  well  behaved,  low  yield  air  burst.  Again  we  sug¬ 
gest  this  work  not  as  a  possible  program  for  a  fallout  model,  but  as  a 
method  for  learning  how  tlie  details  of  the  flow  can  be  parameterized  into 
a  simpler  computing  scheme. 

We  urge  caution  and  deliberation  in  the  adoption  of  any  cloud  rise 
model.  The  adoption  <>f  a  physically  appealing  but  untested  approach  could 
prevent  us  from  finding  obscure  but  important  factors  in  the  development 
of  the  cloud. 


SESSION  THREE  -  TRANSPORT  AND  DEPOSITION 


Local  Fallout 

1.  Computnr  capabilities  exist  that  can  simulate  complex  systems  of 
particle  transport. 

2.  Atmosplieric  parameters,  including  measurements  of  temperature, 
humidity  and  wind  conditions,  are  generally  available  at  locations 
spaced  about  200  to  250  miles  apart  for  time  intervals  of  6  to  12 
hours  in  the  U.S.A.  For  certain  locations,  such  as  the  Nevada  Test 
Site,  capabilities  exist,  when  necessary,  for  obtaining  these  atmos¬ 
pheric  parameters  at  locations  spaced  tens  of  miles  apart  and  at 
time  intervals  on  the  order  of  tens  of  minutes.  However,  persistence 
of  the  shot  time  ground  zero  winds,  for  the  consideration  of  local 
fallout,  is  commonly  considered  the  best  particle  transport  mechanism 
in  view  of  present  wind  forecasting  capabilities. 

3.  The  transport  and  deposition  of  "dry  fallout,"  rather  than  scav¬ 
enging  of  particles  by  precipitation,  is  considered  most  significant. 

4.  The  theory  for  predicting  the  settling  speed  of  individual  particles 
given  their  size,  shape  and  density  is  reasonably  well  agreed  upon, 
but  differences  of  opinion  exist  as  to  the  physical  particle  charac¬ 
teristics  to  use  in  the  theory. 

5.  The  turbulent  spread  of  free  falling  particles  is  not  considered  as 
important  as  wind  shear  ef foots  in  widening  a  fallout  field. 

6.  We  can  handle  transport  in  certain  simplified  wind  circulations  but 
not  in  air  movements  for  the  more  real,  complex  circulation  patterns. 
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Intawiixitat*  md  World-wide  Fallout 


1.  Wo  understand  qualitatively  but  not  quantitatively  the  transport, 
dispersion  and  deposition  of  Intermediate  fallout. 

2.  Bnplrlcal  forecasting  of  fallout  from  stratospheric  injections  Is  con¬ 
sidered  quite  reliable  for  the  generalized  time  and  space  forecasts 
normally  required. 


CURRENT  LIMITATIONS 


Local  Fallout 

1.  We  must  find  ways  of  running  machine  computed  transport  and  deposition 
models  faster  and  cheaper. 

2.  We  need  more  reliable  observations  and  forecasts  of  the  three-dimen¬ 
sional  field  of  motion  (horizontal  and  vertical  winds) . 

3.  Wo  need  more  Information  and  bettor  methods  for  adequately  observing 
and  forecasting  the  scavenging  fields  in  the  atmospliere  (including 
scavenging  efficiencies). 

4.  We  suspect  settling  by  processes  other  than  by  conventional  formulas 
applied  to  isolated  particles.  The  Importance  of  either  bulk  subsi¬ 
dence  of  a  cloud  of  particles  or  by  agglomeration  during  free  fall  is 
still  unkown. 

5.  We  must  know  more  about  particle  characteristics  and  their  atmospheric 
interactions  to  be  able  to  more  accurately  predict  their  deposition 
positions.  This  includes  the  possibility  of  water  condensation  and 
evaporation  during  descent . 

6.  Wc  know  little  of  the  interaction  of  a  nuclear  cloud  on  the  adjacent 
atmosphere  insofar  as  the  latter  influences  particle  transport. 

7.  The  influence  of  small  scale  (10-100  ft)  objects  on  very  localized 
fallout  is  known  qualitatively  -  it  should  be  known  quantitatively. 


6.  The  quantitative  aspects  of  particle  redistribution  by  winds  and  wash- 
oif  must  be  further  studied  and  better  understood. 

9.  We  emphasize  the  crucial  nature  of  the  activity  vs.  altitude  in  applying 
transport  factors  to  obtain  fallout  patterns. 

Intermediate  Fallout 

1.  We  are  limited  to  the  more  qualitative  aspects  of  predicting  inter¬ 
mediate  fallout. 


SUGGESTIONS 


Local  Fallout 

1.  Moral  and  financial  help  should  be  given  to  military  and  civilian 
groups  to  improve  the  observation  and  forecasting  of  air  motions  and 
precipitation  scavenging  regions. 

2.  Simulation  (non-nuclear)  experiments  may  be  performed  to  better  under¬ 
stand  and  verify  the  transport  of  falling  particles. 

3.  Similarly,  on  a  smaller  scale,  non-nuclear  simulation  can  reveal 
patterns  of  fallout  over  and  around  small  scale  objects  such  as 
trees  and  buildings. 

.4.  Settling  speeds  using  actual  collected  particles  from  past  events 
could  be  investigated  in  the  laboratory. 

5.  It  may  be  possible  to  simulate  agglomeration  and  bulk  settling  of 
clouds  of  particles. 

6.  In  general,  it  may  be  quite  useful  to  undertake  basic  studies  cn  the 
behaviour  of  existing  (non-nuclear)  atmospheric  particulates  appli¬ 
cable  to  fallout  problems. 
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Intermediate  Fallout 

1.  Jnvestlgatloi^B  and  studies  rolatod  to  oxlstlng  data  on  past  inter¬ 
mediate  fallout  may  permit  Improved  predictions  of  this  fallout. 


SESSION  FOUR  -  RADIATION  FIELDS 


INTRODUCTORY  COMMENTS 

The  problems  of  the  fourth  session  of  this  symposium  are  perhaps 
better  described  as  problems  of  residual  radiation  fields,  rather  than 
fallout  radiation  field  problems.  They  include  effects  due  to  neutron- 
induced  activity  near  ground  zero. 

The  material  of  the  session  is  conveniently  divided  into  four  major 
types  of  Information: 

(1)  the  spectra  of  radiation  fields; 

(2)  the  radiation  field  data  for  idealized  configurations; 

(3)  effects  duo  to  the  particular  configuration  of  materials  at  the 
surface  of  the  earth; 

(4)  a  set  of  related  topics  which  do  not  fit  very  well  into  these 
other  three. 

Let  us  also  identify  the  main  applications  for  the  radiation  field  data. 
These  are, 

(1)  for  interpretation  of  field  experiments; 

(2)  applications  to  shielding  design  and  analysis  problems; 

(3)  applications  to  problems  of  military  tactics,  as  affected  by 
nuclear  weapons; 

(4)  the  prediction  of  residual  effects  which  result  from  nuclear 
explosions . 

The  following  comments  reflect  many,  but  not  all  points  of  view 
expressed  by  participants  in  discussions  held  at  the  symposium,  together 
with  some  afterthoughts;  they  are  not  the  product  of  n  systematic  study. 
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SPECTRA 


Probably  It  Is  In  shielding  that  most  use  Is  made  of  this  type  of 
Information  at  present;  and  the  first  category  of  Information,  that  of 
spectra,  Is  particularly  Imt'^i-tant  for  shielding  applications.  Perhaps 
the  single  main  requirement  for  the  shielding  applications  is  a  sort  of 
"coverall"  ".uoctrum.  Most  protection  factor  calculations  aro  based  on  a 
spectrum  due  to  Nelms  and  Cooper,  which  utilized  the  data  on  activities 
originally  pioduced  by  Ballou  and  the  data  on  spectral  products  tabulated 
by  Carl  Miller.  TItls  1.12  hour  spectrum  is  not  particularly  accurate;  it 
was  calculated  very  early  to  fill  a  serious  informational  gap  and  has 
Served  that  purpose  very  well.  There  have  since  been  advances  in  our 
ability  to  produce  reliable  fallout  spectra;  and  this  is  ar  -/ccellent 
time  to  replace  the  old  one  with  something  more  accurate.  There  is  no 
reason  to  preserve  the  odd  time  period  of  1.12  hours.  We  should  calcu¬ 
late  a  one  hour  spectrum,  with  fractionation  appropriate  to  close-in 
fallout , 

Because  we  know  much  more  now  about  fractionation  than  formerly,  as 
evidenced  by  Mr.  LaRiviere's  talk,  the  coverall  spectrum  should  be 
complemented  by  perhaps  as  many  as  four  additional  types  of  spectra,  all 
calculated  as  a  function  of  time.  These  source  spectra,  identified  as 
^2>  ^31  ^41  might  be  the  following: 

(1)  Si<E,t)  a  close-in  fallout  spectrum;  Si(E,l  hr)  would  be  the 
coverall  spectrum  we  mentioned  previously. 

(2)  SgCEit)  might  be  a  spectrum  for  which  fractionation  is  appro¬ 
priate  to  fallout  at  substantial  distances  away  from  the  burst. 

(3)  SjtE.t)  might  be  appropriate  to  tho  world  wide  fallout, 

(4)  S4(E,t)  would  describe  those  induced  activity  components  which 
appear  in  the  fallout  itself. 

In  connection  with  S3  and  S4  particularly,  and  possibly  for  all 
spectra,  it  would  be  valuable  to  accompany  the  actual  spectra  with  tables 
of  data  for  specific  nuclides  as  a  function  of  time.  In  the  Induced 
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spoctrum,  for  example,  there  are  a  few  particularly  Important  components; 
and  tables  of  the  actlvltlos  and  spoctra  for  these  nuclei  would  be  espe¬ 
cially  useful  for  many  purposes.  On  the  other  hand,  the  four  spectra 
would  serve  as  standard  cases  against  which  experiments  and  other  calcu¬ 
lations  could  bo  compared.  To  these  gamma  ray  spectra  wo  might  add  one 
more — a  coverall  spectrum  for  the  beta  rays.  It  would  be  advantageous 
to  add  to  this  a  tabulation  of  beta  ray  data  for  the  most  Important 
nuclides  as  a  function  of  time.  From  this  data  other  spectra  could  be 
constructed  If  and  when  desired;  and  for  fallout  at  great  distances, 
combined  spoctra  are  apt  to  be  less  Important  than  spectra  for  specific 
nuclides . 

It  is  our  understanding  that  data  for  the  chain  yields  are  in  much 
better  state  than  for  spectral  yields,  and  that  the  decay  schemes  will  be 
subject  to  revisions  In  the  future,  probably  at  a  fairly  low  level  of 
effort . 

Fortunately,  the  group  at  NRDL  with  which  Mr.  Crocker  has  been  work¬ 
ing  is  now  able  to  generate  these  spectra.  We  feel  that  the  work  of  this 
group  Is  especially  Important  at  this  time,  and  that  they  should  not  stop 
short,  nor  should  support  for  this  work  stop  short,  of  a  full  coverage 
of  these  types  of  spectral  Information. 

DISTRIBUTIONS  FOR  AN  IDEAL  PLANE 

In  regard  to  the  second  category  of  information,  there  are  a  number 
of  types  of  data  which  clearly  need  to  be  obtained  for  all  types  of 
application.  The  simplest  data  are  the  source-to-f ield  conversion  factors, 
which  give  the  exposure  3  feet  (or  1  meter)  above  an  ideal  interface,  for 
the  spectra  previously  mentioned.  The  air-air  Interface,  which  is  funda¬ 
mentally  simpler  than  the  earth-air  interface,  lends  Itself  better  to 
these  standard  cases  because  it  permits  precision  calculations.  On  the 
other  hand,  someone  should  once-for-all  determine  the  difference  in  this 
conversion  factor  between  the  air-air  case  and  the  air-earth  case;  it 
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may  bo  well  bolnw  expcrliiiynt nl  obsorvanct*  niul  SHiallur  iliiiii  proltnblo 
errors  In  the  majorit  y  of  cotnpuiiii  ittns. 

In  addition  to  the  convoralon  fnetors  theru  aru  a  tnimhur  of  important 
typos  of  tllstribul Ions .  Puriiups  moat  uaoftil  would  l)u  the  spatial  distri¬ 
bution  of  the  exposure  as  one  movo.s  away  .fro/u  the  plane  interface,  as 
culctilated  foi’  the  coverall  spectrum.  Wo  mljfht  call  tills  D(/.).  Also 
needed  are  the  aiiKUlnr  distribution,  Dfr.jcos  0),  of  the  exposiiroi  and  (hi! 
spectral  dls trihii t ion,  N{/,E),  of  the  flux,  both  calculated  for  the 
coverall  spectrum.  The  iinpular  di.s  (  rl  hit  t  Ions,  anti  also  to  some  extent 
the  actual  space  d is t rlhut ion  of  the  total  exposure,  are  comparatively 
insensitive  to  the  spi'cti'um.  Hence  It  may  not  he  necessary  to  do  such 
calculations  for  all  of  (he  useful  spectra,  necause  tliet'e  is  .so  much 
experimental  work  done  with  the  Co®  °  and  Lite  tlireo  typos  of  ciata 

iust  niuntionod  should  also  lie  obtained  for  these  isotopes,  as  sitould  the 
souree- to-f ield  conversion  factor.  All  of  these  calculations  sliould  bo 
of  ill  pit  precision, 

AttotUi-r  type  of  data  for  which  (liere  hu.s  boon  a  demand  Is  tlio  onorpy 
flux  as  a  function  of  anplo,  say  three  fool  above  the  plane  interface, 
as  calculated  for  a  number  of  iiionoenerKot  Ic  p:amma  ray  componenls.  Data 
of  this  type  lias  been  published  by  Mr,  French.  Il  is  useful  for  deter¬ 
mination  of  expo.sure  distributions,  for  example  In  the  human  body. 

In  connoclton  witli  Uio  boiu  ray  coverall  spectrum  already  mcntloirud, 
il  is  clearly  do-sirablo  to  have  a  ilistrlbution  for  tlie  beta  ray  exposure, 
calculated  as  a  function  of  distance  away  from  the  plane  interface.  There 
are  and  will  be  applications  of  thi.s  data,  probably  more  in  the  future 
than  in  tlie  pa.st.  Dr.  Drown 's  calculations  are  n  useful  reminder  tltat 
beta  ray.s  arc  part  of  tlto  radiation  fluid  and  can  ho  important  under 
cor  tain  c  i  rcutns  t  ances . 

For  the  idealized  configurations,  properly  done  calculations  may  be 
an  order  of  magnitude  more  accurate  than  experiments  which  might  bo  do- 
signed  specifically  to  chock  the  calculations.  Therefore,  this  type  of 
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exporimont  should  be  closely  scruLinlzod  In  t.o  i  lio  intHi-iimi  ion 

which  It  will  produce,  while  it  is  n!  thij  stn^o  of  n  proposul.  A  well" 
conceived,  hlRhly  nccurnto  exporlmont  may  have  value  for  cnnllrmntion 
purpoHoH,  If  orrnr.s  are  closely  studied  and  imdorslood, 

CONFIGUIIATION  EFFECTS 

The  third  cutoKory  of  Information  relative  to  the  rntliiition  field 
is  that  of  confiKuratton  effects.  We  subdivide  this  nenoi-al  topic  Into 
three  subtopics, 

(1)  ground  rouBhnoss, 

(2)  the  special  problem  of  shrubbery, 

(3)  terrain  problems. 

In  all  cases  the  irreniiltir  1 1  los  affocl  mulnly  tlte  sirenutli  of  tlie  direct 
component . 

There  exists  u  .substantial  amount  of  data  for  rouphness;  and 

the  talk  by  Mr,  Sotile  is  an  additional  contribution.  Mr,  French's  talk 
demonstrates  apain  that  wo  understand  rather  well  what  the  physics  of 
the  rouphness  phenomena  are.  But  the  cpiostion  of  what  lioppon.s  to  the 
fallout  subsequent  to  arrival  Is  not  well  known;  and  tills  moans  that  wo 
are  only  able  to  puoss  at  the  time  variations  of  such  offoct.s.  Perhaps 
the  prentest  need  at  prosotU  is  for  cateporlzinp  of  types  of  pround 
surface,  so  as  to  bo  able  to  specify  an  appropriate  rouphness  pummel  nr. 
(There  arc  at  present  a  variety  of  opinions  as  to  how  this  may  be  dtjui' 
and  also  as  to  the  potential  accuracy  of  such  a  procedure  in  any  plveii 
application. ) 

In  regard  to  the  shrubbery  problem,  tho  data  obtained  In  Costa  Klcu 
should,  when  published,  provide  information  about  fractional  retention 
in  various  types  of  plants.  In  order  to  make  this  data  usable,  It  will 
be  necessary  to  make  additional  studies  of  the  chnnpo  In  uf  f  oci  i  vonos.s 
due  to  source  elevation.  Clearly  the  effect  cun  bo  an  Import  ant  one  foi' 
below-prndo  shelter.  There  is  an  opportimlty  to  do  a  certain  uinouni  of 


modeling  in  both  theoretical  and  experimental  studlea,  using  elevated 
plane  and  point  aourcea  to  simulate  radiation  sources  Ircated  in  shrubs 
and  trees.  The  attempt  should  be  made  to  Incorporate  this  type  of  infor¬ 
mation  both  Into  survey  calculations  and  Into  PF  calculations  for  specific 
structui'ee . 

The  terrain  category  of  configuration  effects  subdivides  well  Into 
a  sot  of  problems  for  buildings  In  cities,  and  the  way  they  shield  one 
another,  and  a  set  of  problems  Involving  contour  effects  which  occur, 
say,  in  the  countryside.  In  general,  *he  terrain  effects  can  be  esti¬ 
mated  using  only  the  unscattered  radiation.  Although  more  work  has  been 
done  on  the  problem  of  mutual  shielding  by  buildings  In  cities,  it  may 
bo  that  if  studies  of  contour  effects  In  country  localities  were  done 
first,  the  problems  of  mutual  shielding  In  cities  would  be  simplified. 
Perhaps  what  Is  currently  needed  is  a  combination  of  "terrain  factor" 
with  u  logical  categorization  of  different  terrain  types  which  gives 
appropriate  weight  to  the  distance  from  the  detector  to  the  visible 
elements  of  the  source. 


OTHER  PROBUIMS 

We  will  mention  here  some  if  the  remaining  problems  without  much 
discussion. 

First,  is  the  problem  of  the  redistribution  of  fallout  after  it  has 
come  down.  Although  there  has  been  some  study  of  this,  there  needs  to 
be  a  great  deal  more,  with  considerable  emphasis  on  what  happens  In 
cities  with  wind  and  rain  washing.  There  is  information,  but  more  work 
needs  to  be  done. 

In  connection  with  the  beta  ray  problems,  which  have  applications 
in  ecological  studies,  there  are  problems  of  calculating  beta  ray  ex¬ 
posures  of  small  creatures,  such  as  insects. 
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Another  type  of  problem,  that  presented  in  our  session  by  Dr. 
Ferguson,  is  that  of  neutron  Induced  activity  near  ground  zero,  Perhaps 
what  Is  most  noeded  now  Is  a  study  of  Induced  activity  In  which  both  new 
and  old  devices  are  examined  In  some  detail. 

Finally,  there  are  the  long  term  problems,  such  as  that  of  fallout 
on  a  worldwide  scale,  and  tho  biological  and  ecological  problems  associ¬ 
ated  with  external  exposure  as  well  as  Ingestion.  If  defense  is  broadly 
construed,  these  are  defense  problems;  and  there  is  a  need  for  much  more 
study  of  the  complex  and  difficult  consequences  of  massive  and  large- 
scale  distribution  of  fallout.  Wo  hope  that  these  longer  range  problems 
will  not  be  by-passed. 


CURRENT  SITUATION 

In  conclusion  we  might  generalize  as  follows: 

(1)  it  is  time  tliat  the  accumulating  information  on  fractionation 
were  incorporated  in  a  new  series  of  source  spectra,  to  replace 
those  that  have  been  used  for  the  past  8  years  or  so; 

(2)  using  this  source  data,  precision  calculations  of  radiation 
fields  in  idealized  configurations  should  be  carried  out  to 
replace  older  calculations  of  uncertain  accuracy; 

(3)  the  phase  in  which  preliminary  explorations  of  configuration 
effects  are  carried  out  should  be  replaced  by  attempts  at 
systematization,  accompanied  by  appropriate  spot-check 
experiments; 

(4)  longer  term  effects  should  be  included  in  the  overall  field  of 
study  in  some  manner. 
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